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Editorial
At the start of this new issue I want to take the opportunity to thank the contributing authors as well 
as the editorial team for their efforts to produce this issue despite many other obligations they had to 
bear and which were related to the FAIR future project of GSI.  
The success of the scientific work of the plasma physics community related to High Energy Density 
Physics with Intense Ion and Laser Beams at GSI is indicated by a large number of publications that 
were already published during the first part of this year. Among them four publications in Physical 
Review Letters (Fuchs, 2005; Zioutas, 2005; Tahir, 2005 and 2005a). The importance of these 
articles was emphasized by editorial articles in science, nature and the Physics News Updates. It is 
obvious that intense beams from accelerators will become a major tool for precision experiments to 
study Warm Dense Matter properties and at an earlier stage the thermophysical properties of beam 
heated matter. 
The status of the PHELIX project is described in detail in the section covering the experimental 
program. The group was able to acquire considerable more manpower during this year and there is 
realistic hope that the first laser generated particle beams will be available soon, since the main 
amplifier is almost ready to operate now. Additional support to the PHELIX program comes 
through a virtual institute that was recently approved for funding by the Helmholtz Gemeinschaft. 
Its mission is to study the generation of intense particle beams by ultra-intense lasers. Here the 
specific interest of GSI is the question if these intense laser generated particle beams are suitable for 
further acceleration in conventional accelerator structures. A three year program has been launched 
and is carried by GSI, TU-Darmstadt, Jena- University, TU-Munich and the Weizmann Institute of  
Science. The integration of the Weizmann Institute is the result of a long standing and successful 
collaboration within the German Israel Program (DIP). 
Laboratory astrophysics and planetary science is envisioned as one of the future experimental 
programs at the new FAIR-plasma physics facility. Already four articles in this issue deal with 
theoretical and experimental aspects of this field (Tahir, p. 27; Nettelmann, p. 35; Kuster; p. 51 and 
Koresheva, p. 52), and in future it will definitely become even more pronounced, when very intense 
to ultra-intense ion and laser beams  to produce astrophysical relevant extreme states of matter 
under laboratory conditions are available at GSI.  
Finally the appearance of table of contents, page numbering and author index has changed in this 
issue. Comments by the readers, if this is convenient or the old version is preferred, are welcome. 
Darmstadt, June 2005                                                                                Dieter H.H. Hoffmann 
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Spatially resolved measurement of the electron density in laser produced
plasmas
A. Pelka1, A. Blazevic2, A. Greiche1, T. Hessling1, D.H.H. Hoﬀmann1,2, R. Knobloch1, G. Rodriguez
Prieto2, M. Roth1, G. Schaumann1, and M. Schollmeier1
1TU Darmstadt; 2GSI Darmstadt
For the interpretation of future experiments with laser
produced plasmas it is of great importance to determine
the plasma parameters such as electron density and tem-
perature. For measuring the electron density laser inter-
ferometry has proved to be a good method in previous
experiments. However most of the interesting phenomena
in plasmas are limited to a very short timescale of about
5-100 ns. The setup which was used in past experiments
was unable to supply suﬃcient time resolution due to a
pulse length of the interferometry laser of 6 ns. In order
to improve this it is also necessary to use a diﬀerent inter-
ferometer type which is less dependent on the coherence
length. Therefore a Wollaston Interferometer was imple-
mented using a laser of 500 ps pulse length.
The experimental setup is scetched in Figure 1. An
imaging lens is used to picture the position of the tar-
get onto the camera. The main element is a Wollaston
prism, a polarizing beam splitter. In this the beam is sep-
arated into two beams under a small angle, which overlap
in the plane of the camera and, taking into account the
polarizer, create inteference patterns. These patterns de-
pend on the shape of the wavefront which is changed if the
beam propagates through plasma. Interpreting the so pro-
duced images allows a spatially resolved determination of
the electron density. This is done by a computer program,
which was especially written for this purpose. It oﬀers au-
tomatic computation of the electron density and therefore
allows to furthermore investigate the plasma expansion by
changing the laser parameters with direct feedback from
the experiments. The algorithm is based on a method
known as Abel inversion[1], which implies the assumption
of a cylinder symmetrical expansion of the plasma target.
As the experiments have shown, this assumption is fulﬁlled
within reasonable extent.
Figure 1: Wollaston Interferometer
The experiments were carried out using the recently en-
hanced nhelix system [2] in February 2005. This system
oﬀers a high energy laser beam with up to 120J for heat-
ing the plasma and an additional low energy beam with
a relatively short pulse length of 500 ps, which was used
for the interferometry. In order to resolve the probe beam
from scattered light of the heating laser pulse the second
harmonic frequency was used, since both lasers operate at
the same wavelength. The delay between the two pulses
can freely be varied using a delay generator to deliver the
triggering pulses. This, combined with the new setup de-
scribed above, supplied suﬃcient temporal and spatial res-
olution to allow measurements of the electron density at
diﬀerent times during the plasma expansion.
Figure 2: Electron density with ∆tpp = 20ns
Figure 2 shows a typical electron density which was com-
puted from the measurements. The improved image qual-
ity compared to the images obtained from the Mach Zehn-
der Interferometer combined with the shorter laser pulse
allows measurements at an earlier time and closer to the
target. This expands the accessible range for the electron
density by a factor of approximately 20.
In the near future the laser system PHELIX is planned
to replace the high energy beam of the nhelix system for
plasma production. The highly improved Interferometer
is a very ﬂexible diagnostic tool which will easily be us-
able with that setup, since its functionality is completey
independent of the beam line arrangement.
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Upgrade of the nhelix laser system at GSI
G. Schaumann1, M.S. Schollmeier1, A. Azima5, A. Blazˇevic´1, E. Brambrink2, M. Geißel3,
T. Heßling1, A. Pelka1, P. Pirzadeh1, M. Roth1, and D.H.H. Hoﬀmann1,4
1Technische Universita¨t Darmstadt, Germany; 2Ecole Polytechnique, Paris, France; 3Sandia National Labs,
Albuquerque, USA; 4GSI, Darmstadt, Germany; 5DESY, Hamburg, Germany
The ﬁrst high energy laser system that became oper-
ational at GSI is the ”nanosecond high energy laser for
heavy ion experiments” (nhelix). This system has recently
been improved signiﬁcantly. Due to major changes in the
system layout, the quality in terms of temporal and spa-
tial beam homogeneity was improved, while at the same
time the output energy was raised up to 120 J. This could
be achieved with the available number of ampliﬁers, which
signiﬁcantly brought down the cost for the upgrade. More-
over, a second front-end with shorter pulse length was in-
tegrated into the laser ampliﬁer chain.
Therefore the nhelix system is now capable of delivering
one beam with 120 J in 14 ns (ns-beam), while the sec-
ond beam line is still under construction and is supposed
to provide 5 J in 0.5 ns (sub ns-beam). While the power
level of these two beams is of the same order of magnitude,
their application at the plasma physics experiments is dif-
ferent. The high energy pulse with rather long pulse du-
ration is primarily used to generate a high density plasma
from thin solid state targets, while the second beam with
short pulse length in comparison to the heating pulse and
the timescale on which the hydrodynamic expansion of the
plasma takes place, serves as a diagnostic tool. This more
complex and versatile setup enables a great variety of ex-
periments in the ﬁeld of plasma physics, especially in com-
bination with the PHELIX laser (Petawatt High Energy
Laser for heavy Ion eXperiments), which is expected to
deliver ﬁrst light on the kJ level to the experimental area
by the end of 2005 [1].
The actual laser conﬁguration is one of the MOPA type
(master oscillator-pulsed ampliﬁer). A master oscillator
(Nd:YAG) generates a low energy pulse for ampliﬁcation,
that is followed by rod ampliﬁers (silicate-glass), whose di-
ameter increase stepwise up to 64 mm for the last ampliﬁer.
As the laser light ﬂuence is well below the saturation level,
the same ampliﬁer can be used multiple times to increase
the energy of a beam, e.g. in a double pass conﬁguration,
or one can even use the same ampliﬁer to gain energy for
pulses coming from diﬀerent oscillators. The latter conﬁg-
uration has been realized with the ﬁrst two ampliﬁers; see
Figure 1: Beam shape of the long pulse frontend: Oscillator
proﬁle before and after the cylinder telescope.
ﬁgure 3 for the outline of the nhelix laser system and with
an overview of the main optical components.
The ns-oscillator is a commercial Coherent Powerlite 8000.
Due to its non-ideal elliptical transversal proﬁle the beam
is reshaped with a custom made cylinder telescope. After
passing this optical system, the laser beam is circularly
shaped. The improvement in terms of the spatial intensity
distribution is shown in ﬁgure 1 on the left hand side.
Both laser beams, the ns-beam as well as the sub-ns beam
are launched into the ﬁrst ampliﬁcation section. The in-
sertion is done with a thin ﬁlm polarizer that transmits the
ns-beam (p-polarized) and reﬂects the sub-ns beam which
is impinging under the Brewster-angle with s-polarization.
Since these beams are propagating parallel but with per-
pendicular polarization, they can be separated again with
a polarizer. As the ﬂuence is on the order of 1 J/cm2 a thin
ﬁlm polarizer has to be used, which provides the highest
available damage threshold while on the other hand it has
a poor extinction ratio ( 200:1). A marginal misalignment
- the two beams propagate under a small angle - allows to
block the objectional energy, which has passed the polar-
izer, by the pinhole of the following spatial ﬁlter.
Before transferring the ns-beam to the next ampliﬁcation
section, it is ﬁrst spatially reshaped with a soft polarizing
aperture (SPA). This SPA consists of a birefringent plano-
convex lens, a second plano-concave BK-7 lens to compen-
sate for the optical power of the ﬁrst lens and a thin ﬁlm
polarizer. The linear polarization of the incoming beam
is rotated according to the thickness of the birefringent
lens. Taking into account the polarizer, the total power
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Fig. 2: Improved transversal beam proﬁle of the long pulse
frontend
transmission of the SPA is now a function of the beam
radius,
T (r) = cos2
(
1
2
∆n
π
λ
r2
R
)
where ∆n = 0, 009 denotes the diﬀerence between the
refractive index of the ordinary and extraordinary wave;
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Figure 3: Outline of the nhelix laser system.
λ = 1064nm is the laser wavelength, R = 1197mm the
radius of curvature of the birefringent lens and r ≈ 12mm
is the so called zero transmission radius, which depends
on ∆n, λ and R. The calculated transmission is shown
in ﬁgure 2(a) together with the part of the beam that is
reﬂected at the polarizer. One can clearly see the ring
shaped intensity distribution, while the asymmetry is due
to the inhomogeneous intensity distribution of the incom-
ing beam.
Since the gain in rod ampliﬁers increases with radius due
to absorption of the pump light on its way to the center
of the rod, an initially gaussian shaped intensity proﬁle
changes to a ﬂat top like distribution along the ampliﬁer
chain. The SPA attenuates this eﬀect, while it helps at the
same time, to control diﬀraction at hard apertures in the
laser chain. The overall extracted energy strongly depends
on the input beam proﬁle and was measured to be on the
order of 20 percent. As the maximum laser energy which
can be extracted from the system is not limited by a lack
of pump power, but by the damage threshold of the op-
tical components, the loss of energy at the beam shaping
element could easily be compensated by slightly increasing
the pump power of the ampliﬁers.
After reshaping the beam with the SPA it is relay im-
aged to the double pass ampliﬁer. Due to thermal induced
birefringence of the amplifying media and the limited ex-
tinction ration of the separating polarizer, there is always
part of the radiation propagating backwards in the chain.
To prevent damage, a Faraday isolator with 25mm clear
aperture has been integrated. The pulse is then guided to
the booster section with a 45mm and a 64mm ampliﬁer.
As long as the PHELIX laser beam is not yet available, the
long pulse beam is used to produce a hot dense plasma, e.g.
for energy loss experiments [2] with electron temperatures
in the order of 200 eV and electron densities up to solid
state density. A small part of the sub-ns beam (some mJ)
is coupled out and frequency doubled to probe the plasma
by means of wollaston interferometry [3]. This diagnos-
tic has recently been set up and provides a space resolved
distribution of the free plasma electron density with time
resolution given by the pulse length (0,5ns) of the probe
beam. After the ﬁnal ampliﬁcation section for the sub-ns
beam, which is realized as a geometrical tripple pass, the
pulse is expected to deliver 5 J of energy. This high power
(10GW) pulse can be focused on a medium-Z target that
will serve as an x-ray backlighter [4]. However there are
plans to use higher harmonics of this beam for collective
Thomson scattering [5], [6]. This will lead to new insights
into the physics of the expanding plasma and it will serve
as an alternative temperature diagnostics. Together with
the PHELIX laser that will deliver up to 1 kJ laser en-
ergy in 1 ns, the new conﬁguration of nhelix will act as a
powerful diagnostic laser system.
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Stopping Power of Hydrogen for100 keV/u Cu Ions
M. Basko, A. Fertman, A. Golubev, T. Kulevoy, R. Kuybida T. Mutin, I. Roudskoy, B. Sharkov 
Institute for Theoretical and Experimental Physics, Moscow
A new experimental area has been set up at the 100 keV/u
27 MHZ RFQ accelerator (HIPr) at ITEP (Moscow) to
investigate the interaction of ions with gases and plasmas
[1]. As a first step, the new set up was used to measure the
energy loss of copper ions in the nitrogen [2] and hydrogen
gases. To do the measurements in gases, the same target
configuration was used that had originally been designed for
the energy loss measurements in a hydrogen plasma [3].
Two collinear quartz tubes, each of 80 mm in length and
6 mm in diameter, were filled with the studied gas. At both
ends, the gas column was confined by tubular diaphragms of 
10 mm in length and 1 mm in diameter, which allows a
windowless penetration of the ion beam into a gas or plasma
column. The target scheme did not allow us to control the
gas pressure inside the thin exhaust pipes. Hence, to evaluate
the amount of gas along the tubular diaphragms at target
ends, the gas density in this section was estimated on the
basis of numerical simulations with the 1.5-dimensional
hydrodynamics code [4]. The gas flow was treated as one-
dimensional with a variable flow-tube cross-section. At the
open (narrow) end, a boundary condition of exhaust into
vacuum was applied. The opposite (wide) opening was
treated in a simplified manner, as though the ideal gas there
had a temperature T0, density ρ0, and only an axial velocity
component. Such approximations result in a well-known
steady-state flow in a confusor, where the gas density in the
narrow tube section is constant and in our case equal to
0.63ρ0. With the above estimate taken into account, we ob-
tain the the full effective length of the gas column along the
beam path L = 172.6 mm
A time-of-flight method has been performed to determine
the energy losses of ions. As a fiducial, the high-frequency
signal from the master generator of the HIPr accelerator was
used. For practical realization of the method a registration
scheme was chosen that combined a fast plastic scintillator
NE102 with a photomultiplier FEU-87.
The energy losses in the hydrogen gas at pressures between
1 and 1.5 mbar were measured. The experimental results for
the hydrogen target are given in Fig.1. These data represent
several series of measurements that have been carried out.
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Figure 1: Energy loss of 100 keV/u copper ions in a
hydrogen cell of 160 mm length 
Because of relatively low values of the ion energy
decrement ∆E as compared to the initial value of
E0=100 keV/u, the target may be considered as a thin one at
all gas pressures. In this case the energy decrement is
directly proportional to the gas pressure, and the slope of the
corresponding straight line yields the stopping power of the
corresponding gas at the initial ion energy. In this way, a
linear interpolation to the measured dependence of ∆E
versus gas pressure allowed us to obtain the following value
of the stopping power of hydrogen for the 100 keV/u ions of
copper
Hyd
exp (27.1 5.2)S = ±  MeV/(mg/cm
2
)
This project is supported by RFBR-03-02-17226, CRDF
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A fast algorithm for phase detection in TOF measurements
M. I. Kulish1,  K. Weyrich2 and D. H. H. Hoffmann2
1
IPCP Chernogolovka,
2
GSI Darmstadt
For the development of time of flight (TOF) measurement
data which are present in digital form an algorithm of phase
detection for periodic signals is of interest.
The initial data from the detector signals S(ti) are  periodic 
signals with the period T between the microbunch pulses.
Figure 1: Pulse spectrum obtained from a MSP detector in
the presence of noise, pulse frequency 108407520 Hz,
digitizer sampling interval 't=0.2 ns
During measurement the variation of the ion energy
produces a shift of the bunch pulses compared to the initial
phase of the sequence. A certain amount of data points for
each record can be significant for manual development. And 
it is no straight procedure to extract bunch positions or phase
shifts from the phase record. We assume that the circular 
frequency : of the microbunch pulses is known. To find a 
phase behaviour of bunches it is convenient to trace a first 
harmonic coefficient as Fourier transform in a window W*T,
a multiple of the signal period. The number of calculating
points in the window is the integer part of T*W/'t.
For each time point a first harmonic coefficient is given by:
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where n=Int(T*W/2/'t).
Because of  the properties of the Fourier transform the time
shift in the interval 't leads only to a phase shift :*'t in
the periodic sequence of the spectrum. Hence the phase:
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is directly proportional to the phase of the bunch sequence.
The parameter W depends on the signal to noise ratio. For a 
low noise signal W=1 is valid. An increase of W decreases
the  sensitivity to noise. The time resolution of the technique
is not higher than W*T.
A calculation of  the Fg(ti) value needs to sum up n+1 values in
each step and takes significant time for development. If the
value Fg(ti+1) is presented  as function of Fg(ti):
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than for each step a calculation of only two new terms is needed 
and the time of calculation becomes independent of the
parameter W.
Figure 2 displays a result of the application of this calculation
technique to experimentally derived signals of an ion beam
interacting with a shockwave-driven Ar-plasma. During
interval 1 the beam passes trough cold gas and some beam
energy fluctuations are visible. During interval 2 the energy loss
increases due to the more dense plasma in the beam path. The 
bunch frequency is 36135840 Hz, parameter W=4 and the time
resolution is ~110 ns.
Figure 2: Phase shift of a 6 MeV/u Ar-ion beam  interacting
with a shockwave-driven Ar-plasma
Figure 3: Long-time behaviour of the phase of a 6 MeV/u C-
ion beam  interacting with cold gas in the condition of  signal to
noise ratio, W=100
This work is supported by the DFG: 436 RUS/113/685/0-1
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Heavy ion charge state and velocity dynamics during the stopping process
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The characteristic K-shell emition induced due to close
collisions of heavy ions with target atoms was used to analyze
the projectile stopping dynamics over more than 80% of the ion
stopping path. The most important advantage of this method is
that the information is collected directly from the interaction
volume. From the projectile characteristic spectra one can
conclude about the ion velocity and ion charge state dynamics
along the ion stopping path. The line intensity distribution of
KDsatellites reflects the ion charge distribution. The variation
of the line Doppler shift due to the ion deceleration in the target
material was used to determine the ion velocity dynamics [2-4].
The stopping range of 11.4 MeV/u Ca ions in solid
quartz (U= 2.23 g/cm3) is of 170Pm. Application of low density
SiO2 aerogel targets allows stretching the ion stopping range up
to 100 times. It gives a possibility to visualize projectile and
target radiation dynamics along the stopping range.
Comparison of the ion stopping process in porous and
solid media was carried out recently (see GSI Report 2003). 
Experimentally it was shown that porous structure will not
influence the projectile charge state distribution provided the
time of flight of the ion inside the pore in vacuum is shorter
than the time scale of the radiative- and Auger processes, which
lead to the collision less relaxation of the projectile excited
states.
In experiments reported below, new results on the
interaction of 11.4 Me V/u Ca ions with SiO2 aerogel target of 
0.04 and 0.02 g/cm3 volume density were obtained.
Fig.1 Ca projectile K-shell spectra. Vertical axis is the ion
beam penetration depth (mm), horizontal axis – wavelength (A). 
A much higher resolution of the ion charge and
velocity dynamics as compared to the previous experiments
was achieved due to application of aerogel targets with extreme
low mean density.  The x-ray emission from the ion beam - 
target interaction zone was registered by means of focusing
spectrographs having a high spatial resolution (FSSR) [1, 2].
Spherically bent (R=150mm) crystals of mica and quartz were
used as dispersive elements. Ca and Si KD- spectra in the 
ranges of (3.1 – 3.4) and (6.6 - 7.3) Å respectively resolved
along the ion beam trajectory were measured. Figure1 shows
the typical K-shell spectrum of highly ionized Ca projectile ions
moving in solid matter. The stopping length of 11.4 MeV/u Ca 
in 0.04g/cm3 aerogel target reaches 8.16 mm [SRIM]. We are 
able to register the ion K-shell radiation over 7.6 mm and 
therefore to analyze the projectile stopping dynamics over 80% 
of the ion pass with a spatial resolution of 50 Pm. The length of
the spectral lines at the detector (x-ray film) is a magnified
length of the ion beam – target interaction zone [1, 2].
By observation of the projectile radiation
perpendicular to the relativistic ion beam trajectory transversal
Doppler red shift OD is dominating:
OD OE E v/c  (1),
Here Ois a wave length of a radiative transition of the ion in
rest; OD is a wave length of a radiative transition of the moving
ion; v – the ion velocity; c – the light velocity.
The line shift is decreasing continuously along the ion
path due to the ion energy loss. The spectral lines in the
spatially resolved spectrum are tilted demonstrating the ion
deceleration (see Fig. 1).
Fig. 2:  The velocity dynamics of Ca ions with initial energy of
11.4 MeV/u versus ion penetration depth in 0.04g/cm3 aerogel
target.
Using the Doppler Shift Attenuation (DSA) method, ion 
velocity dynamics during the stopping process in solid media
was analyzed. Figure 2 demonstrates the dependence of the ion
velocity on the ion penetration depth in the aerogel target.
Experimental results are in a good agreement with the
calculated data [www.SRIM.org]. The K-shell projectile ion
spectra show that the radiation of Ca+18 and Ca+19 ions is
dominating down to the projectile energy of 3.5 MeV/u. The 
radiation of Li-like Ca (Ca+17) can be registered at the energies
lower than 7.5 MeV/u. At the end of the observed ion path
(7.5mm), due to increase of the recombination cross sections at 
low energies, the intensity of LyDtransition in Ca+19 is
vanishing and Be-like ions start to radiate. The quantitative
analysis of the ion charge state dynamics demands the detailed
description of the projectile bound electron population kinetics
and is in the process. The experimental results on the ion
velocity dynamics will be used for calculations of collision
cross sections. 
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Laser produced chlorine plasma radiation studies for x-ray scattering
experiments
M.S. Schollmeier1, G. Rodr´ıguez Prieto1,2, F.B. Rosmej3, G. Schaumann1, A. Pelka1, O.N. Rosmej2,
M. Roth1, and D.H.H. Hoﬀmann1,2
1TU Darmstadt; 2GSI Darmstadt; 3PIIMA, Universite´ de Provence et CNRS, Marseille
The scattering of x-rays on bound and free electrons in a
dense plasma can be applied for the characterization of
solid density and super-dense plasmas [1, 2]. This scatter-
ing results in a spectrum that is not symmetric due to the
dynamic structure factors at each side of the central wave-
length, related by S(−ω, k) ∝ exp(−h¯ω/kBTe)S(ω, k).
This is not important in the optical case (h¯ω  kBTe)
but for x-rays. There is a Compton red-shift of scat-
tered photons (0–90 eV) from the incident wavelength
surrounded by Doppler-broadened Thomson scattering.
Due to the extremely small Thomson scattering cross
section of 6.65 · 10−25 cm2, a photon number about 1015
[3, 4] at energies of a few keV is needed for diagnostics.
Simultaneously the spectral broadening ∆λ/λ of the
probe radiation must be smaller than 4 · 10−3√Te[eV]
in order to resolve the Doppler broadening [5]. The
Heα-line emission of medium-Z plasma produced with a
high energy laser can fulﬁll both of these requirements.
However, this radiation is not monochromatic but forms a
narrow band due to the emission of dielectronic satellites.
Therefore in x-ray scattering experiments the plasma
source of x-rays needs to be diagnosed with a high
spectral resolution. Unfortunately the highly reﬂecting
HOPG-crystals [1, 2] that were used to disperse the
scatter radiation do not have this high spectral resolution.
Hence we have developed a method to calculate the
signal that a HOPG spectrometer will measure from the
spectrum mesured by a spectrometer with high spectral
resolution.
The experiments were performed at the nhelix laser
system installed at GSI [6] with a laser energy of 45
J. The targets were chlorine-doped samples and the
Cl-Heα (λ = 4.4444A˚, E = 2.7 keV) plasma radiation was
simultaneously observed with a focusing spectrometer
with spatial resolution (FSSR) [7] in fourth order and a
HOPG-crystal spectrometer that was developed especially
for these experiments. The spectral resolution of the
HOPG-spectrometer could be increased due to the mosaic
focusing eﬀect [8]. In both spectrometers the x-rays
were detected with Kodak DEF-5 ﬁlms. The detailed
analysis of the measured spectral lines was done with the
development of a simple model for dielectronic recom-
bination of helium-like ions and inner shell excitation of
lithium-like ions that is based on ref. [9]. This model
allows the estimation of the electron temperature from
the line ratios of the optically thin lines jk and the
higher order dielectronic satellites 1s2l3l′ −→ 1s23l′. The
necessary atomic data were calculated with the MZ-Code
[10] including all satellites up to 1s2l4l′.
The highly resolved measured spectrum of He-like Cl is
shown in ﬁg. 1(a) together with the ﬁtted spectrum from
the line calculation procedure. This ﬁtting procedure
indentiﬁes the dielectronic satellite structure that is
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Fig. 1: Measured spectra and calculated spectrum with the
simple model. The line ratios of the dielectronic satellites j,k
and higher order satellites 1s2lnl′ allow the determination of
the electron temperature to Te = 285 eV.
designated following the notation of A.H. Gabriel [11].
With the same ﬁtting parameters but by changing the
spectral resolution in the procedure the spectrum that
the HOPG-spectrometer should have measured was cal-
culated. This synthetic spectrum was then compared to
the measured one. The comparison is shown in ﬁg. 1(b).
Despite slight diﬀerences the spectrum is well reproduced.
The intercombination line y is not well reproduced due to
the simple modelling that neglects density and transient
eﬀects.
With this method the red-shifted broadening of Heα line
w due to the inﬂuence of dielectronic satellites can be de-
termined experimentally and therefore shot-to-shot varia-
tions in the experiments can be taken into account. This
asymmetric broadening on the red side should be taken
into account in x-ray scattering experiments because there
the Doppler-broadened Compton red shift is analysed.
The details of the methods describes here are written in
ref. [12].
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A fast 6-channel pyrometer for temperature measurement
of HED matter generated by intense heavy ion beams
P. Ni1, V.E. Fortov3, V.K. Gryaznov3, D.H.H. Hoﬀmann1,2, A. Hug1, M. Kulish3, I. Lomonosov3,
Yu. Menzel1, V. Mintsev3, D. Nikolaev3, N. Shilkin3, A. Shutov3, N.A. Tahir2, V. Ternovoi3,
S. Udrea1, D. Varentsov1, and H. Wahl2
1TU Darmstadt; 2GSI-Darmstadt; 3IPCP-Chernogolovka
Recent experiments at the HHT area of the Plasma
Physics group at the GSI were dedicated to investigation
of heavy-ion-beam generated high-energy-density (HED)
matter [1]. In contrast to traditional drivers like explo-
sives, electrical discharges and powerful lasers, heavy ion
beams can deposit energy into a sample material homoge-
nously.
In the performed experiments, diﬀerent metals (Pb,
Fe, Sn, Cu) were heated by an intense uranium beam
(350 AMeV, 2− 4 · 109 particles, 150− 230 ns pulse dura-
tion) and the target’s temperature was measured using a
pyrometric method. The targets were foils oriented along
the propagation of the beam with thickness (∼200 µm)
much smaller than the focal spot of the beam (1 mm).
The free expansion of the foil was constrained by a pair of
sapphire blocks. Under this conditions the target is opti-
cally thick and therefore has a Planck spectrum of thermal
emission with a certain emissivity ((λ, T )) of the surface:
Ithermal(λ, T ) = (λ, T ) · C1
λ5
· 1
e
C2
λT − 1
.
We have designed and tested a special pyrometric setup
that consists of a light collection system, a spectrum ana-
lyzer and a data recorder.
For optimal light collection we developed a special ob-
jective based on a pair of spherical mirrors (ten times more
eﬃcient than conventional glass objectives). The objective
is mounted on a motorized holder driven by three linear
translation stages with a 5 µm positioning accuracy.
Figure 1: Light collection system.
The target’s surface was 1:1 imaged on the entrance of
an optical ﬁber (400 µm diameter, 100 m long) and trans-
mitted to a remote spectrum analyzer. The 1:1 imaging in
a broad spectral range is possible since the mirror system
is achromatic.
The present intensity of uranium beams allows heating
of metallic targets up to 6000 K with the maximum of
thermal radiation in the visible and near infrared spectral
regions. The spectrum is discriminated by interference ﬁl-
ters (10 nm spectral width) centered at 550, 750, 850, 950,
1300 and 1500 nm. The scheme of light propagation inside
the spectrum analyzer is shown in Figure 2. This analyzer
Figure 2: The spectrum analyzer.
has a higher eﬃciency in comparison to traditional schemes
with beam splitters.
Filtered light is detected by fast photodiodes coupled to
two-cascade, low noise, broadband ampliﬁers. The overall
temporal resolution of the system is a few nanoseconds.
Signals from detectors are recorded by a 12-channel dig-
itizer (1 GHz bandwidth, 8 bit) operated by a specially
written LabView software.
The pyrometer is absolutely calibrated using a tung-
sten ribbon calibration lamp from Osram. The absolute
calibration allows immediate determination of so-called
brightness (radiant) temperatures. For real objects, along
with spectrum, knowledge of emissivity is necessary for
precise determination of the true temperature. As the
emissivity was not measured, it was approximated by gray
body and linear dependance on wavelength models. Ex-
perimental signals Iexperim(λi) were ﬁtted into a system
of six equations using a model emissivity model, and the
temperature was one of the ﬁtting parameters.
{Iexperim(λi)} → {model(λi, T )·C1
λ5
· 1
e
C2
λT − 1
}, i = 1, 2, ...6.
In the future, accuracy and sensitivity of the system will
be improved by increasing the number of channels and
by direct measurement of emissivity using reﬂectivity or
polarimetry.
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Diagnostic of the ion beam profile is a very important part 
of the any heavy ion beam experiment. Usually, scintillators 
are used for these purposes. In the HHT-experimental area of 
GSI, uranium beams of up to 4,5·109 particle per bunch 
focused in the spot side of 0,8mm x 1,6mm are used [1]. The 
ion beam of such intensity is capable to destroy any usual 
scintillator by one shot.  
In this case, a promising way to diagnose the beam profile 
is to use gas scintillation. This scintillation is induced during 
the propagating of an ion beam in a chamber filled with gas. 
The advantages of this method are that the scintillating media 
can not be destroyed by heavy ion beam and has no saturation 
effect for such intensities. In the last experiment at HHT 
(27.09–03.10.2004), Ar and He gaseous at different pressures 
were used to provide the ion beam profile diagnostic. 
During the propagation of the ion beam through gas each 
ion produce excitation and ionization processes. Excited gas 
atoms and ions take off the excitation by emitting the light 
[2]. This light was registered by high-resolution amplified 
CCD-cameras (DiCam Pro, PCO) installed in two 
perpendicular planes providing horizontal and vertical 
profiles. From these pictures (Figure 1) the ion beam intensity 
distribution in space, position of the beam focus and focal 
spot side could be determined. 
  0           X(pix)                    Profile line
 Y(pix)
Figure 1: The profile of Ar-gas scintillation induced by 
     Uranium ion beam (experimental picture).  
 The ion beam produces a lot of “secondary” (warm) 
electrons, which can fly away from the beam area and make 
excitation and ionization of gas atoms. This process may lead 
to the widening of the light profile and increases the size of the 
beam profile. 
To estimate this effect, an interference filter for ArII-lines 
(470±40) nm was used. It is assumed, that the probability for 
“secondary” electrons to produce two processes 
simultaneously (excitation and ionization) with one gas atom 
is reduced in comparison to the probability of a single 
interaction process. Therefore, the contribution of the 
“secondary” electrons to the light profile of the beam can be 
reduced by analyzing ArII-lines only. The light profile with 
the filter should than be closely connected to the real ion beam 
profile. The disadvantage of this method is that the measured 
light intensity is much weaker.  
As a first interesting result of this approach, a different 
focal position of the beam for ArI- and ArII-lines was 
observed (Figure 2). 
Figure 2: Beam envelope of the light profile with all lines 
(mainly ArI) and ArII-lines only 
The rough estimations of this effect give 7 mm difference 
between the focal positions of ArI- and ArII-lines. However, 
the low statistics of this first investigation doesn’t allow us to 
validate this effect finally. Further investigation in this branch 
will allow to determine this effect and to improve the light 
profile recording by cameras to measure the ion beam profile. 
It will allow achieving a proper tool for the diagnostics of 
intense focused heavy ion beams. 
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Optical detection of keV-electrons  
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     Channeltrons are widely used for the detection of 
electrons and ions. The signal amplification is high, 
which enables the detection even of single particles. The 
amplification due to electron multiplication requires  
however the application of a high voltage inside the 
vacuum system which allows low energy electrons and 
ions produced by ionisation of the residual gas to drift 
into the channeltron, where high count rates of 
background events are obtained. 
    To overcome this background problem two different 
optical detectors have been designed and tested to allow 
a high detection rate together with a low background 
count rate. Possible applications of this detectors are the 
diagnostics of secondary ions emerging from an ion 
beam heated target as well as particle detection in low 
energy scattering experiments [1]. 
The first detector is shown schematically in Figure 1a, 
it consists of a YAP (Yttrium Aluminum Perovskite) 
single crystal scintillator disc which is covered with a 50 
nm Al entrance window, a quartz view port and a photon 
counting system. 
Fig. 1a: The optical detector with a YAP scintillator. 
       
Fig. 1b: The YAP crystall with quartz viewports. 
The YAP is a non hygroscopic, glasslike, inorganic 
scintillator with a high density – 5.55 g/cm3. The 
diameter of the YAP discs is 8.73 mm × 2mm metal 
ring, one side polished. The wavelength of the 
maximum light emission is 350 nm, the fast decay 
time is short – 27 ns, what allows high count  rates  up  
to  several MHz. The non-hygroscopic nature of YAP 
enabels a long detector life time. YAP crystals should 
be coated with 50nm of aluminum prior to use.
Behind the YAP scintillator a quartz  viewport is 
mounted, which provides a transmission higher than 
90% in a wavelength range between  250 – 2500 nm. 
For the detection of photons after the quartz view 
ports a photon counting head was used which consists 
of a 25 mm head-on photomultiplier tube, a voltage 
devider, an amplifier, a discriminator and high voltage 
power supply circuit all included in a compact 
metallic case. The sensitive spectral range reaches 
from 300 to 650 nm, the counting linearity is up to 
6×106 s-1 and the dark count rate as low as 15 s-1.
Since the photomultipier tube supply voltage and 
discriminator voltage are preset at the optimal levels, 
there is no need of adjustment before use. The main 
advantage in this series is of low noise and high 
detection efficiency. This photon counting method is 
also superior in comparison to analog signal 
measurement in terms of stability, detection efficency 
and signal to noise ratio. 
For the second type of detectors the YAP crystal 
has been replaced by a P47 phosphor scintillator 
mounted at the same photon counting system. This 
P47 powder scintillator consists of a glass substrate, 
the P47 phosphor together with a proprietary 
polymeric binder for bonding the phosphor powder 
onto a glass surface. For the glass surface we have 
used BK7 lens with a diameter of 40 mm, one side 
coated with P47 phosphor. The entrance of the 
phosphor was as well covered with a 40 nm Al layer. 
The diameter of the phosphor is here 30 mm with a 
layer thickness of 4 µm, , and with a maximum peak 
emission wavelength of 400 nm at a decay time of 
about 100 ns. 
The main advantages of the YAP single crystal in 
comparison to the P47 phosphor are the about three 
times faster decay time together with the long useful 
life time, which is essentially forever, due to its high 
resistance to radiation damage, but its sensitive area is 
about ten times smaller than for the phosphor. 
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A new Plasma Physics Laboratory at the University of Castilla – La Mancha
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Since 2001 the research group at the University of
Castilla - La Mancha (UCLM) in Ciudad Real (Spain) has
been collaborating with the Plasma Physics Divison of GSI
Darmstadt. This successful collaboration has taken place so
far in the theoretical area by developing analytical models
and performing one and two dimensional numerical
simulations aimed to design future experiments to be
realized at GSI. In 2004 the idea to extend the research
activities of the UCLM group to the experimental area
became mature and the assembling of a Plasma Physics Lab
at UCLM started. Thanks to the precious support of the GSI
Plasma Division, especially of Prof. Dieter Hoffmann.
The first experimental set up to be assembled at the
UCLM Plasma Physics Lab is a Z-pinch device with a
capacitor bench of 8x0.5 µF, 20 nHy and 75 kV (nominal).
Such a device has been designed to deliver a maximum
current of 500-600 kAmp into a discharge chamber filled to
pressures of 1-10 mbar by means of a gas-puff valve. Z-
pinch devices can produce plasmas of great interest for the
generation of intense X-rays pulses, for the study of states of
matter with high energy density, and for its applications to
thermonuclear fusion.
Fig. 1. Sketch of the capacitor bench set up.
A schematic of the UCLM experimental assembly,
including the capacitor bench, the planar transmission line
and the rail-gap switch is shown in Fig. 1. At present the
capacitor bench has been arranged in an appropriate setting
and it is ready for the connection of the planar transmission
line (Fig.2). This structure will also be used in other
experimental set ups such as X–pinches and exploding wires.
Several plasma diagnostics are foreseen for this experiment
such as ultra-fast frame photography by means a Frame
Cordin camera to be acquired with a grant already awarded.
Besides, Schlieren and Sahdowgraph images will be
performed in order to analyze the dynamics of Z- pinch and
exploding wires. In the near future, it is also planned to
perform soft X-ray spectroscopy for determining plasma
density and temperature.
The new laboratory for Plasma Physics and
Thermonuclear Fusion at the UCLM has been created in the
framework of the Institute for Energy Research and
Industrial Applications (IERIA) recently approved by the
Ministery of Science and Technology of Spain and the
Counsel of Science and Technology of Castilla – La
Mancha. The institute is planned to be constructed during the
next two years so that the UCLM Plasma Physics Lab will
start to be operated at the present building of the E. T. S. I.
Industriales until it will be transferred to the IERIA in 2007.
The IERIA will have other five divisions for the study of
energy related problems. Namely, the Division of
Combustion and Vehicles, the Division of Energy
Generation and Distribution, the Division of Instrumentation
and Control of Energetic Systems, the Division of Material
Sciences and Structures, and the Division of Environmental
Sciences.
Fig. 1. Capacitor bench assembling
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Ionization in homonuclear collisions of doubly charged ions
H. Bra¨uning, A. Diehl, A. Theiß, R. Traßl, E. Salzborn
Institut fu¨r Atom- und Moleku¨lphysik, Justus-Liebig Universita¨t, Giessen, Germany
Charge changing collisions between multiply charged
ions in homonuclear collision systems are not only of ba-
sic interest as an ideal testing ground for theory [1]. As
the beam intensities in modern accelerator and storage
rings increase, intensity losses due to charge changing in-
trabeam collisions may become signiﬁcant for lower charge
states [2, 3]. Resulting mainly from betatron oscillations,
the center-of-mass energies for these collisions are typi-
cally in the keV region for beam energies up to 1 GeV/u.
A theoretical treatment of the charge changing processes
in this low energy region is diﬃcult, because perturba-
tion theory usually cannot be applied. As the collision
velocity is much smaller than the classical Bohr velocity of
the active electrons, a treatment in the molecular orbital
model would be the preferred choice. However, the many
electrons still present in the heavy ions make such calcula-
tions nearly impossible. Thus experimental investigations
are currently the only way to obtain the cross sections for
charge changing collisions between ions.
After the ﬁrst measurement of the total electron loss by
Kim and Janev [4] for Ar3+ and Kr3+ at 60 keV center-
of-mass energy, most experimental studies for multiply
charged heavy ions have concentrated on the charge trans-
fer cross section
Xq+ + Xq+ → X(q−1)+ + X(q+1)+ (1)
with X = Ar, Kr, Xe, Bi and Pb and q=2–4 [5, 6, 7, 8, 9].
As both collision partners change their charge state, the
time coincidence technique allows for eﬃcient background
supression and a clean measurement of the reaction rate.
This not the case for the ionization reaction
Xq+ + Xq+ → Xq+ + X(q+1)+ + e− (2)
Here the detection of the ionized electron in a crossed-
beams experiment is extremely diﬃcult. Therefore the
Giessen ion-ion crossed-beams experiment uses the pulsed-
beams technique [10] to measure total loss cross sections.
The ion beams are pulsed, so that only during 25% of the
4 ms cycle both beams are ’on’. During the rest of the cy-
cle the background contribution of either beam and the de-
tector is measured. The larger background contribution as
compared to the coincidence technique however results in
signiﬁcantly larger statistical errors. The ionization cross
section is then obtained as the diﬀerence between total loss
and charge transfer.
We have now extended our previous measurements on
ionization of triply charged Ar and Kr ions [8] and four-fold
charged Ar, Kr and Xe ions [11] towards doubly charged
Ar and Xe ions. The results are shown in ﬁgure 1 in de-
pendence on the collision velocity. This corresponds to
center-of-mass energies in the range 40–90 keV for both
collision systems. The expected increase of the cross sec-
tion with the collision velocity is clearly represented. Com-
pared with previous measurements on the charge transfer
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Figure 1: Absolute cross sections for ionization in the col-
lision systems Ar2+ + Ar2+ (circles) and Xe2+ + Xe2+
(diamonds). The error bars represent the 1σ statistical
error only.
[9], the ionization and transfer cross section are of compa-
rable magnitude at the highest measured collision energies.
This shows that ionization is not negligible for beam loss
estimates.
This work is supported by BMBF under contract no. 06
GI 150.
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Inertial Fusion Reactor Physics: Effect of Activation and 
Radiation Damage of Materials and Tritium Emissions 
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We have developed a comprehensive
methodology to compute uncertainties in
activation calculations. A sensitivity-
uncertainty analysis method has been
developed, providing the uncertainties of the
different inventory responses functions due to
the uncertainty of each of the reaction cross
sections separately. We also have proved the
excellent behaviour of a MonteCarlo-based
methodology in assessing the syn-
ergetic/global effect of the complete set of
cross-sections uncertainties on calculated
radiological quantities. These methods are
applied to activation analysis of the National
Ignition Facility (NIF) and IFE concepts
(HYLIFE and Sombrero) [1].
Research on multiscale modelling of
radiation damage in metals is being
conducted in comparison with “ad hoc” ion
irradiation experiments. Results from theory
and simulations to explain the physics of
damage in SiC are being conducted through
the systematic identification of the  type of
stable defects and their energetics, using a
new tight binding MD technique. Simulation
of Silica (final focusing system) irradiation
damage is conducted up to cascades of 10
keV presently. And the identification of
defects and the effect of hydrogen in diffusion
and formation of such defects is our present
goal. Diamond has also being studied and
tested in comparison to experiments as a part
of research in fundamental physics for
magnetic fusion and target fabrication for 
inertial fusion. The use of Molecular
Dynamics, and now of dislocation dynamics,
enables to derive first conclusions on
macroscopic behaviour of materials under
irradiation [2]. 
Figure 1 represents a Molecular Dynamic
snap shot at a time directly before a
dislocation (line of radiation induced defects)
overpasses an  obstacle  loop of defects and
Fig. 1: Interaction of a dislocation with a loop
of interstitials (radiation defects)
breaks free at an angle of T = 70q,which is the
angle the dislocation bows around the
obstacle loop. 70° is the critical angle from
which the  resistance or obstacle strength of
the loop can be calculated, and from which
the stress-strain characteristics of the material
can be determined [2]. 
Another examined subject is the radiation
arising from tritium emissions from fusion
reactors. So the role of ingestion of tritiated
food has been investigated, when the most
important chemical forms of tritium,
elementary tritium (HT) and tritiated water
(HTO) are transformed in a special form of 
tritium: Organically Bound Tritium (OBT)
[3].
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2 BEAM TRANSPORT AND ACCELERATOR RESEARCH 
     AND DEVELOPMENT 

Beam Emittance Measurement for Channel-based Ion Beam Transport
R. Knobloch1, S. Neff1, A. Tauschwitz2, and D.H.H. Hoffmann1,2
1Technische Universita¨t Darmstadt; 2Gesellschaft fu¨r Schwerionenforschung
The transport of high-current beams is a crucial task in
heavy-ion-beam-driven inertial fusion. Plasma-channel-based
beam transport is a promising ﬁnal transport concept which has
been studied at the Gesellschaft fu¨r Schwerionenforschung and
at the Lawrence Berkeley National Laboratory in recent years.
Aspects of ion beam transport in plasma channels are studied
with the Z4 beam transport experiment at GSI. In this experi-
ment, plasma channels are formed by a high-voltage discharge
in a background gas.
For any ﬁnal beam transport scheme in a fusion reactor which
includes drift space, it is important to know whether the beam
quality decreases during beam transport. The most important
measure of beam quality is the beam emittance. The partic-
ular challenge in a beam transport setup is an instantaneous
measurement of the beam emittance, since all scanning mea-
surements cannot be used to investigate changes during beam
transport.
The beam is sent through the transport channel, then passes a
gold pepper-pot foil of 35 m thickness and a drift space of sev-
eral centimeters before it is made visible on a plastic scintillator
which is photographed by a fast CCD camera. The integration
of the emittance diagnostics into the setup is shown in Fig. 1.
Figure 1: Emittance diagnostics setup
The drawback of the Al-coated BC-100 plastic scintillator
used is that after several shots, the material starts to show
burnout damage. Fig. 2 illustrates the change in the intensity
proﬁle of a pepper-pot spot due to scintillator burnout.
Figure 2: Scintillator burnout
The inﬂuence of burnout damage on the FWHM of a 2D
Gaussian ﬁt of the spot intensity proﬁle, which was taken to
be the spot width, had to be investigated. Results showed that
the width of the ﬁt is not very sensitive to the actual proﬁle
shape, and the effect is negligible in comparison to other errors.
One of the largest sources of error in the setup is the location
of the axis. The ion beam follows the discharge, which shifts
slightly between shots. So, the location of the axis had to be de-
termined individually from each picture by comparing the spots
to a reference image and using linear regression to calculate the
axis position. From measured spot widths and distances with
respect to the axis, the emittance can be calculated [1]. A more
exact formula is given in [2].
Figure 3: Measured emittance in x (upper panel) and y (lower
panel). Solid lines and squares use the simple model from [1];
dashed lines and circles represent the more exact model from
[2]. Horizontal lines indicate ”zero” emittance from UNILAC.
These emittance measurements were the ﬁrst attempt at the
Z4 setup to measure this important beam property instanta-
neously during beam transport through a plasma channel. The
results show that the method is basically feasible and is able to
produce results using only a single shot image and a reference.
Within errors of about 25 %, the emittance was shown to be
constant.
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Study of Kink Instabilities in Plasma Channels
S. Neff1, R. Knobloch1, A. Tauschwitz2, and D.H.H. Hoffmann1,2
1Technische Universita¨t Darmstadt; 2Gesellschaft fu¨r Schwerionenforschung
Heavy-ion beam transport in plasma channels is an option
to transport high-current beams which are required in fusion
reactor scenarios. The channel provides free electrons that
space-charge and current neutralize the ion beams. In addition,
the channel creates a large azimuthal magnetic field that pre-
vents the beam ions from leaving the channel. A stable chan-
nel is necessary to guarantee good transport properties of the
beam [1]. The most threatining instability in a plasma chan-
nel is the kink instability, that has helical structure and whose
growth is in linear theory given by[2]
ξ(t) = ξ0 · exp [Γ · t + i · (k · z + θ)] (1)
where ξ0 is the initial amplitude of the perturbation, θ is the an-
gle in cylindrical coordinates, and k is the wavenumber of the
perturbation. The growth rate Γ depends on the discharge con-
ditions and is largest for a channel in vacuum and significantly
reduced by the ambient gas in our setup.
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Figure 1: Schematic experimental setup
Figure 1 shows a sketch of our experiment at GSI that uses
the UNILAC beam to study the ion beam transport properties
of the channel [3]. The channels are created by a discharge in
a 1 m long chamber that is 60 cm in diameter. Depending on
the chamber gas, the channels are initiated either with a CO2
laser (ammonia), or with the ion beam (xenon, krypton). The
ion beam transport properties are studied with a setup using a
pepperpot mask to shape the beam and a scintillator to detect it,
whereas the evolution of the channel is studied with high-speed
cameras which take side-view images of the channel.
The development of instabilities in our experiment was stud-
ied with a fast framing camera that takes eight consecutive pic-
tures with minimum exposure times of 10 ns. For normal op-
erating conditions, that is at ambient chamber gas pressures of
0.5− 10 mbar, the channels in xenon, krypton, and ammonia
are stable. A comprehensive search in ammonia revealed that
the channels become unstable for gas densities above the equiv-
alent of 15 mbar. In order to test the theory, the growth rate was
determined for discharges in 22 mbar ammonia. The pictures
of the framing camera were analyzed with a small computer
program to determine the amplitude of the instability and the
channel diameter.
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Figure 2: Analysis of the kink instability
The analysis of the channel images is illustrated in Figure 2.
Based on the image, the program determines the channel
boundary with a contour fit and calculates the central axis of
the channel and the averaged boundary (indicated by dashed
lines). In the next step, the user marks the extrema of the in-
stability (marked with small boxes). From these data, the code
calculates the averaged amplitude ξ and wavelength λ of the
instability.
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Figure 3: Measured amplitudes of the kink instability.
In Figure 3, the data from two growth rate measurements under
identical discharge conditions are plotted. The measurements
were carried out in 22 mbar ammonia, used a discharge voltage
of 25 kV, and started shortly after the time of the current maxi-
mum, which is at roughly 7 µs for this set of parameters. They
are consistent with the exponential growth predicted by linear
instability theory for the initial phase of the instability. The
measured growth rates are of the order of 105/s and thus two or-
ders of magnitude smaller than predicted by a simple model [2].
The wavelength of the instability is roughly 2 cm, whereas the
model predicts growth at 4 cm. All in all, the instabilities show
the expected topological features, but the measured growth rates
and wavelengths differ significantly from the model.
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In order to study the effects of space charge neutralization in 
a laser ion source (LIS) [1], a high current electron source 
[2] was combined with a LIS, as shown in Fig. 1. 
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Fig. 1:Set-up of the neutralization experiment. The part of 
the figure depicted in blue represents the electron source. 
Since the working pressure of the electron source is much 
higher (approx. 10
-3
 mbar) than the pressure needed in the 
ion source (approx. 10
-6
 mbar), a gas inlet into the hollow 
cathode of the electron source was built. This change in the 
experimental set-up, and increasing the length of the capil-
lary tube (by a factor of two) connected to the hollow cath-
ode, separates the vacuum systems of electron and ion 
source and thus allows the operation of the electron source 
connected to the ion source. Due to the highly decreased 
pressure at the end of the capillary tube, the electron source 
produces a current of 100 A only, which is a factor 10 below 
the current under best pressure conditions. The electron 
beam diameter increases slightly caused by the non-ideal 
pressure in the LIS.  
The operation of the electron source leads to the following 
effects in the LIS:  
• spark discharges between the extraction electrodes, 
• a partial voltage break-down at the extraction.   
To circumvent these problems, the total capacity connected 
to the extraction 
system was in-
creased from 7.2 
nF to 42 nF and 
the shape of the 
extraction elec-
trodes was opti-
mized to reduce 
voltage break-
down problems, 
(Fig. 2).  
Fig. 2: Shape optimized extraction electrodes 
The measurement of the electric current is performed with a 
faraday cup that cannot distinguish between electron and ion 
beam. The separation of these two beams is realized with the 
magnetic field of a permanent magnet which deflects the 
electron beam and leaves the ion beam mainly unaffected 
(Fig. 3). 
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Fig. 3: Faraday cup measurements of both electron and ion 
beams with (green line) and without (black line) magnetic 
field. 
The plasma expansion with (right part of Fig. 4) and without 
(left part of Fig. 4) electron beam was recorded with a gated 
CCD camera.  
 
Fig. 4: Picture of the plasma cloud 6 µs after laser impact on 
the carbon target (left side without electron beam, right side 
with electron beam). The white line on the right side repre-
sents the axis of the electron beam, which has a maximum 
diameter of 2 cm. 
In a spectroscopic measurement of the emitted plasma light 
in the wavelength region between 100 nm and 500 nm 
which was performed parallel and perpendicular to the di-
rection of plasma expansion, no significant differences in 
line intensities of the charge states C
1+
, C
2+
 and C
3+
 could be 
observed with or without using the electron source. 
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Status of Accumulator Ring Simulation 
M. Droba, O. Meusel, N. Joshi, U. Ratzinger 
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In previous reports[1][2] we presented single particle 
simulation results for the storage ring, which is under 
consideration at Frankfurt University. The storage ring will 
use a stellarator-like magnetic configuration which will 
provide new capabilities when compared to a traditional 
storage ring: the circulating direction is independent from 
the sign of the particle charge, the magnetic field level can 
be varied and influences the transverse beam dynamics 
mainly, the electrons can provide an efficient space charge 
compensation along whole circumference. The facility will 
allow high current beam investigations as well as 
experiments in the fields of plasma, nuclear and atomic 
physics. The figure-8 type could be built from toroidal 
sectors, which are combined in a special manner (example in 
Fig.1).  
Fig.1: An example of figure-8 design geometry built from 
equal 30° toroidal sectors. Here the green sectors are turned 
20°around the central axis against blue sectors. 
Through the rotation around geometric axis, different types 
could be considered. Important computational concept for 
particle motion and stability is theory of magnetic surfaces. 
This allows averaging through Larmor gyration and long 
term investigation of stability. The magnetic surfaces for 
figure-8 geometry were calculated on parallel Xeon 2.4 GHz 
dual Pentium cluster of CSC (Center for Scientific 
Computation - http://www.csc.uni-frankfurt.de). Here the 
traditional field line tracing method was used.  
10000 space steps were chosen in a 1 turn around the  
figure-8 geometry (1step = 0.8mm). Magnetic field was 
computed by numerical integration using Biot-Savart 
equation. Altogether 100 turns are mapped using NURBS 
(Non-Uniform Rational B-Splines)-method into 1 magnetic 
surface (Fig.2). Whole simulation on 20 processors took 
50h. 
 Here, the wire-frame represents the vessel of the ring with 
the example of one magnetic surface inside. Colour coding 
was used to show the amplitude of the magnetic field on that 
surface (green 0.7 T-red 1.4 T). Higher field values are 
located on the side pointing to the centre of the curvature. 
Fig. 2: Magnetic surface in figure-8 geometry. 
In addition the new space charge routine was written to 
calculate 3D-Poisson equation in such structures. Here the 
iteration method BiCGSTAB (Bi-Conjugate Gradient 
Stabilized)-method with the sparse matrix format seems to 
be optimal for our purposes. Parallel version was also 
written and tested by solving fields in a Gabor lens[3]. 
Accuracy 10-10 was reached in a 150 iteration steps for the 
mesh 61x61x217. Calculation time depends on number of 
processors and varying between 60 – 200 s. Additional the 
influence of drift effects in a crossed and curved fields were 
studied in detail[4]. 
The next step will be to use coordinate system defined by 
magnetic surfaces for particle motion simulations. 
Additionally the mesh for PIC (Particle In Cell) field 
computation should be involved. Here the possibility to run 
programs on parallel cluster of CSC is very useful and 
effective. 
A Figure-8 stellarator like configuration seems promising 
for the storage of intense low energy ion beams. Multi 
particle simulations are planned in the future study of the 
accumulator ring. The differences between plasma and beam 
physics and technical consequences have to be studied in 
details also. 
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Beam Simulation in Toroidal Magnetic Field 
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 Computer simulation plays a major role in the de-
sign and operation of plasma devices. A storage ring of the 
Figure 8-type is proposed for the accumulation of charged 
particles with beam energies around 100keV. The simulation 
for charged particle motion in small toroidal sectors is actu-
ally studied. Charged particles move under the influence of 
the Lorentz force produced by external magnetic fields and 
by self electric fields. 
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 To simulate the evolution of charged particle traces, 
the Particle In Cell (PIC) method is used and the space 
charge effect is taken into account by the Cloud In 
Cell(CIC)method. Fig.1 shows the 2d example of charge 
division at mesh points in circular symmetric coordinate 
system. 
In 3d toroidal geometry extra toroidal angle come into pic-
ture as third coordinate. 
 The potential is obtained at the mesh points either 
by using the Fourier Transform Method or by explicitly 
solving the matrix of linear equations. The software FFTW 
can be employed while making use of Fourier Transform 
Method and of special functions like Bessel and Legendre 
polynoms which are to be used to define boundary condi-
tions. Alternatively potential can also be obtained by using 
the 7 point Finite Difference method in toroidal geometry. 
For their simulations following parameters were 
used. 
Magnetic field (B) 1.0 Tesla 
Energy 100 keV 
Major radius of vessel 1.0 meter 
Minor radius of vessel 5.0 cm 
 Preliminary results show the particles moving under 
the influence of drift forces like the curvature drift (R x B) 
arising from the curved magnetic field and the E x B drift 
arising due to the electric space charge field and the external 
magnetic field. The equation for the drift velocity under the 
influence of a general force F is given by, 
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 The figure above shows the potential and electric 
field distributions at the mesh points in one of the cross 
sections and can be considered as check for this simulation 
code. To obtain that the homogenous charge distribution was 
assumed. And the plot of electric field shows 1/r dependence 
outside the beam and linear decreasing curve inside beam. 
 The figure below shows the graph indicating drift of 
particles along circumference of the vessel, which can be 
minimized with higher magnetic field. 
 When an extra poloidal magnetic component is 
applied the effect of drift velocity is reduced and stability 
can be improved. As an indicator particle loss rate to the 
chamber walls is used. 
 A next step will be to implement this space charge 
routine in a tracking code for particle motion along magnetic 
surfaces (stellarator-like) [1]. This code is implemented on 
the parallel cluster at CSC (Center for Scientific Computing) 
due to needed calculation effect.[1] 
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Beam Injection Studies Using a Gabor Lens
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Gabor lenses using a nonneutral plasma for focussing have
several advantages compared with other lens systems. Espe-
cially for singly charged heavy ion beams at low velocities
the theoretical performance of the lenses is superior. To
study the capabilities of Gabor lens systems to match ion
beams into an RFQ a testinjector was installed at the IAP
and put into operation successfully [1]. The front end of the
injector consists of a volume type ion source, a differential
pumping stage, the Gabor lens LEBT system and several
beam diagnostic devices. The ion source delivers a maxi-
mum beam current of 10 mA He+ at 14 keV. After commis-
sioning of the ion source the emittance of the beam behind
of the differential pumping stage was measured (see Fig.1
left, He+, 14 keV, 4.5mA, εn,rms,100% = 0.0225 πmmmrad).
Fig. 1: Measured beam emittance behind the differential
pumping stage (left) and behind the LEBT – system (right)
at I=8.4mA.
After installation of the two Gabor lenses the emittance at
the RFQ injection point was measured at an improved ion
current (see Fig.1 right, He+, 14 keV, 8.4 mA, εn,rms,100% =
0.0598 πmmmrad). In figure 1 (right) the phase space distri-
bution just behind the focus of the beam is shown. The fol-
lowing lens parameters were used: first lens VA = 1.8 kV and
Bz,max = 5.76⋅10-3 T, second lens VA = 2.1 kV and Bz,max =
6.24⋅10-3 T for the presented results. The calculated focal
lengths were f = 0.366 m for the first and f = 0.22 m for the
second lens. Therefore the average electron densities are
en
= 7.9·1013 m-3 and
en = 1.4·10
14
m
-3
respectively. Our hith-
erto experience shows a good reproducibility of the gained
results. After finalization of the LEBT measurements the
RFQ was installed behind of the second Gabor lens. The
design beam energies at the RFQ entrance and exit are 3.5
AkeV and 110 AkeV, respectively. The maximum RFQ
beam current is limited by space charge forces to 0.7
mA⋅A/q, the design ion being N+. In figure 2 the measured
phase space distribution behind the RFQ is shown (left, x-
plane, εn,rms,100% = 0.175 πmmmrad, right, y-plane, εn,rms,100%
= 0.192 πmmmrad).
Fig. 2: Measured beam emittance behind the RFQ in x-plane
(left) and in y-plane (right), beam current I = 1,15 mA
Finally the test injector was extended by the high field Ga-
bor lens. In figure 3 the measured emittances downstream of
the lens are shown. For the presented results the lens settings
of VA = 25 kV and Bz,max = 46 mT were used. The phase
space distribution in the x-plane (left, εn,rms,100% = 0.066
πmmmrad) and in y-plane (right, εn,rms,100% = 0.094
πmmmrad) are presented in figure 3.
Fig. 3: Measured beam emittance behind the high field Ga-
bor lens x-plane (left) and y-plane using following lens set-
tings: VA = 25 kV and Bz,max = 23 mT (right), I = 0.98 mA
It is shown that the divergence angel of the core of the
phase space distribution was decreased from 20mrad to
about 0mrad in x-plane and from 20mrad to –20mrad in y-
plane. Furthermore the unaccelerated halo particles are lost
due to over focusing. The beam radii at the lens centre in the
x and y plane were calculated to be 5mm and 10mm, respec-
tively. For the presented emittances the average electron
density is
en = 2.6·10
15
m
-3 The beam radius in the y-plane is
a little bit larger than the radius of the space charge cloud.
This causes the observed emittnace growth.
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The Frankfurt Funneling Experiment
H. Zimmermann, U. Bartz, M. Vossberg, N. Müller, A. Schempp, J. Thibus 
Institut für Angewandte Physik, Johann Wolfgang Goethe-Universität,
60325 Frankfurt am Main, Germany
New high current accelerator facilities like proposed for the 
HIDIF driver require a beam with such a high brilliance, which
can not be produced by a single pass rf-linac. The increase in
brightness in such a driver linac is done by several funneling
stages at low energies, in which two identically bunched ion
beams are combined to a single beam with twice the frequency, 
current and brightness. 
Our Two-Beam-RFQ funneling experiment is a set up of
two ion sources as model for the first funneling stage of a
HIDIF driver, a two beam RFQ, a funnel deflector and beam
diagnostic equipment to demonstrate funneling of ion beams.
Fig. 1: Layout of the 12.5 to 200 MHz linac system for 400 mA 
of Bi
+
.
The beam from each identical multicusp ion sources are
focused with an electrostatic LEBT and injected into the RFQ at 
an energy of 4 keV. The two-beam RFQ consists of two sets of
quadrupole electrodes at an axis angle of 75 mrad, where the
beams are bunched and accelerated with a phase shift of 180°
between each bunch, driven by one resonator structure. The
final beam energy of our scaled experiment of 160 keV for He
+
is reached with an electrode voltage of 10.5 kV.
We use for beam bending either the singlecell or the
multicell funnel deflector. Fig. 2 shows two emittance
measurements while the singlecell deflector is switched off and
on.
Fig.2: Beam combining with the single cell deflector.
The RFQ electrodes are divided in two sections. The first
section, which is about two thirds of the total length of 2 meters, 
accelerates the beam to a final energy of 160 keV. At first the
second part has been a transport section with unmodulated
electrodes.
Fig. 3: Photo of the Two-beam-RFQ.
To make a better improvement of the beam to the funnel
deflector we have replaced at first the electrode endpart of one
accelerator. This allows us to compare the both beam lines. 
Fig. 4: Emittance measurement with one new beam.
Fig. 4 shows an emittance measurent at the point of beam
crossing. The beam size of the new accelerator is reduced to
less than 60 %. 
Fig.5: Emittance measurement with the upgrade of both 
accelerators.
Fig. 5 shows the emittance measurement with the upgrade of
both accelerators. The diffence of the emittance is about 10 %.
Conclusion
Funneling has been demonstrated with both kind of funnel
deflectors [2]. The upgrade of the RFQ electrodes is done. The
measured emittance demonstrates the proper work of both
accelerators. Next step will be the measurement of emittance
growth during funneling with our beam diagnostic device.
References
[1] A. Schempp, Nucl. Instr. and Meth. A 415 (1998) 
p. 209
[2] H. Zimmermann, U. Bartz, N. Müller, A. Schempp, J. Thibus, proc. 
EPAC 2004
AC-07
23
24
3    TARGET THEORY 
3.1 Plasma and Target Physics at the Future FAIR Facility 
3.2 Properties of Dense Matter 
3.3 Beam Plasma Interaction Physics 
3.4 Short-pulse Laser Matter Interaction 
3.5  Two-temperature Plasmas and Instabilities 

Studies of Strongly Coupled Plasmas at the Future FAIR Facility
N.A. Tahir1, C. Deutsch2, V.E. Fortov3, V. Gryaznov3, D. H. H. Hoﬀmann1,4, I.V. Lomonosov3,
A. R. Piriz5, A. Shutov3, P. Spiller1, M. Temporal5, S. Udrea4, and D. Varentsov4
1GSI Darmstadt; 2LPGP Orsay; 3IPCP Chernogolovka; 4TU-Darmstadt; 5UCLM Spain
Strongly coupled plasmas are ubiquitous in nature as
they are found in stars, brown dwarfs and giant planets.
A study of the physical properties of such plasmas in the
laboratory is therefore of great importance to our under-
standing of the universe. Another very important problem
associated with strongly coupled plasmas is the slowing
down of charged particles in such systems. It has been the-
oretically predicted that stopping power of strongly cou-
pled plasmas will be lower than that of ideal plasmas1;2.
This could have very important implications on inertial
conﬁnement fusion target design.
Intense heavy ion beams are believed to be a very unique
tool to create states of High-Energy-Density (HED) in
matter including strongly coupled plasmas3–5. With the
construction of the new heavy ion synchrotron, SIS100
at the future FAIR (Facility for Antiprotons and Ion Re-
search) facility6, the beam intensity will be increased by
three orders of magnitude compared to that available at
the existing facility. This will make it possible to carry out
interesting experiments in a parameter space that previ-
ously was unaccessible. It is expected that the SIS100 will
generate a uranium beam with an intensity, N = 2 × 1012
ions that will be delivered in a single bunch. A wide range
of particle energy (0.4 – 2.7 GeV/u) will be available and
depending on the energy, the bunch length will lie be-
tween 20–100 ns. Employing a two-dimensional hydro-
dynamic computer code, BIG-27, we have carried out nu-
merical simulations of hydrodynamic and thermodynamic
response of solid aluminum and lead targets that are ir-
radiated with an ion beam with the above parameters.
Our calculations show that one would be able to generate
strongly coupled plasmas with a coupling parameter, Γ of
up to of 6.
First in ﬁgures 1 and 2 we present the calculated Γ val-
ues for aluminum and lead respectively, vs density at dif-
ferent temperatures. These calculations have been done
using the code SAHA-IV8–10 which is specially designed
for calculations of thermodynamic properties of multicom-
ponent plasma with strong interparticle interactions. Cal-
culational procedure is based on a chemical picture of the
plasma8;9. Coulomb interaction of charged particles, short
range repulsion of atoms and ions at close distances, degen-
eracy of free electrons, stages of ionization up to 20 were
taken into account. Further details can be found in10.
The beam-target geometry is shown in Fig. 3. We con-
sider a solid cylindrical target whose one face is irradiated
by ions whose range is larger than the cylinder length.
The ion energy is therefore deposited uniformly along their
trajectory and they emerge from the opposite face of the
cylinder with a reduced energy. The beam radius which is
the full width at half maximum (FWHM) of the Gaussian
distribution of the beam intensity in the transverse direc-
tion, is smaller than the cylinder radius. A temperature of
a few eV is generated in the deposition region that leads
0 0.1 0.2 0.3 0.4 0.5
Density (g/cm3)
0
2
4
6
8
Γ
T = 1.18x104
T = 2.59x104
T = 3.56x104
T = 4.17x104
T = 4.89x104
T = 5.73x104
T = 6.72x104
T = 7.88x104
T = 9.20x104
Figure 1: Plasma coupling parameter Γ vs density at dif-
ferent temperatures for aluminum8–10.
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Figure 2: Plasma coupling parameter Γ vs density at dif-
ferent temperatures for lead8–10.
to a high pressure. The high pressure launches a shock
wave in the transverse direction that drives material out-
wards, thereby creating a sub solid density region that is
converted to a high density, low temperature plasma. Such
plasmas are classiﬁed as strongly coupled or non-ideal plas-
mas.
U beam
Sub−Range Solid Target
Figure 3: Beam-target geometry.
In Fig. 4 we plot density and temperature vs radius at
the cylinder center at t = 1000 ns for a beam intensity
of 2 × 1012 ions using a FWHM of 2 mm in case of an
aluminum target. It is seen that the temperature has de-
creased to about 4 × 104K in the inner 1 mm radius of
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the target while the density has been reduced to approxi-
mately 0.4 g/cm3 due to expansion along the radial direc-
tion. According to the data shown in Fig. 1, this density
and temperature regime corresponds to a Γ of the order of
3 for aluminum. In Fig. 5 we plot the same variables as in
Fig. 4 at t = 1700 ns, but using a FWHM = 3 mm while
keeping the rest of the beam parameters same. Since the
temperature now is much lower than before, one achieves
an aluminum plasma with a much higher Γ (about 6).
Next we consider a lead target and the results are pre-
sented in Figs. 6 and 7. In Fig. 6 we plot density and
temperature vs radius at t = 5000 ns at the center of the
cylinder using a beam intensity of 2 × 1012 ions with a
FWHM = 2 mm. It is seen that the temperature is much
higher than that in the corresponding case of aluminum
shown in Fig. 4. Therefore one achieves a lower value of
Γ = 1 in the present case. Figure 7 shows that using a
larger beam spot with a FWHM of 3 mm, one gets a lower
temperature that leads to a higher value of Γ of the order
of 2.
It is interesting to note that the temperature achieved in
low-Z materials using the same beam parameters is much
lower than that in the high-Z materials. Therefore the Γ
parameter in the range of the SIS100 beam parameters is
higher in the former type of targets compared to the latter
ones.
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Figure 4: Density and temperature vs radius at the middle
of the cylinder.
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Figure 5: Density and temperature vs radius at the middle
of the cylinder.
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Figure 6: Density and temperature vs radius at the middle
of the cylinder.
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Figure 7: Density and temperature vs radius at the middle
of the cylinder.
References
[1] D. Gericke and M. Schlanges, Phys. Rev. E (2002)
36406.
[2] G. Zwicknagel et al., Phys. Reports 309 (1999) 904.
[3] N.A. Tahir et al., Phys. Plasmas 7 (2000) 4379.
[4] N.A. Tahir et al., J. Phys. A: Math. Gen. 36 (2003)
6129.
[5] D.H.H. Hoﬀmann et al., Phys. Plasmas 9 (2002) 3651.
[6] W.F. Henning, Nucl. Inst. Meth. A 214 (2004) 211.
[7] V.E. Fortov et al., Nucl. Sci. Eng. 123 (1996) 169.
[8] V.K. Gryaznov et al., Thermophysical Properties of
Working Media of Gas - Phase Nuclear Reactor, ed.
by Ievlev V.M., Atomizdat, Moscow, 1980.
[9] W. Ebeling et al., Thermophysical Properties of Hot
Dense Plasmas (Teubner, Stuttgart - Leipzig 1991).
[10] V.K. Gryaznov et al., Zh.Exp.Teor.Fiz., 114, No.10,
p.1242-1265, (1998).
TT-01
26
LAPLAS: Laboratory Planetary Science at Future FAIR Facility
N.A. Tahir1, C. Deutsch2, V.E. Fortov3, B. Geil4, D.H.H. Hoﬀmann1,4, I.V. Lomonosov3, A.R. Piriz5,
A. Shutov3, M. Temporal5, S. Udrea4, and D. Varentsov4
1GSI Darmstadt; 2LPGP Orsay; 3IPCP Chernogolovka; 4TU-Darmstadt; 5UCLM Spain
Study of the structures of giant planets, Jupiter, Saturn,
Uranus and Neptune is a very interesting subject as this
knowledge could lead to clues about formation of the solar
system and can also shed light on the early stages of evo-
lution of life on earth. The ﬁrst two planets are believed
to be made mainly of hydrogen that exists under extreme
conditions, while the latter two are expected to contain
large quantities of water (ice) in very exotic states.
Development of high power lasers have made possi-
ble laboratory astrophysics. Recent advancements and
planned future developments [1] in the technology of in-
tense bunched beams of heavy ions have lead to the idea
of laboratory planetary sciences using these beams. The
proposed beam-target geometry is shown in Fig. 1. The
target consists of a solid cylinder of hydrogen that is en-
closed in a thick shell of a heavy material like lead or gold.
One face of the target is irradiated by the beam so that
the beam axis coincides with the target axis. The range of
the particles is much larger than the target length so the
energy deposition is uniform along the particle trajectory.
Although the hydrogen will be heated by the beam, the
pressure generated in the surrounding high density shell
will be substantially higher than that of hydrogen, that
will implode the target.
Circular Beam
H
Pb
Figure 1: Beam-target conﬁguration for LAPLAS (Labo-
ratory Planetary Science) experiment.
The Gesellschaft fu¨r Schwerionenforschung (GSI),
Darmstadt is in the process of building a new accelera-
tor facility named FAIR (Facility for Antiprotons and Ion
Research) that will generate a uranium beam with an in-
tensity, N = 2 × 1012 ions that will be delivered in a
single bunch. A wide range of particle energy (0.4 - 2.7
GeV/u) will be available and depending on the energy,
the bunch length will lie between 20 - 100 ns. The beam
intensity is expected to increase gradually, in steps, over
a period of few years. It is therefore important to know
if one can carry out useful experiments during the early
stages of the facility when the beam intensity will be be-
low the maximum value. To answer the above question we
have carried out numerical simulations of the implosion of
the target shown in Fig. 1 assuming a uranium beam with
N = 1010 ions which are delivered in a single bunch that
has a length, τ = 50 ns. The particle energy is assumed
to be 1 GeV/u and the beam intensity in the transverse
direction is considered to be uniform. These simulations
have been carried out using a two-dimensional computer
code, BIG-2 [2].
In Fig. 2 we plot the hydrogen density vs radius at the
time of optimum compression for three diﬀerent values of
beam spot radius, rb. These include rb = 1, 1.5 and 2
mm respectively. It is seen that the density is higher for
smaller beam spot because that leads to a higher speciﬁc
energy deposition which in turn generates a higher driving
pressure. It is also seen that the hydrogen is compressed
to about 4 times the solid density. The corresponding tem-
perature and pressure proﬁles are shown in Figs. 3 and 4
respectively. These ﬁgures show that with a beam inten-
sity that is about two orders of magnitude less than the
expected maximum intensity, one can implode hydrogen
to achieve very interesting physical conditions.
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Figure 2: Hydrogen density vs radius at the time of maxi-
mum compression using three diﬀerent values for the beam
radius, beam intensity = 1010 uranium ions, pulse duration
= 50 ns, particle energy = 1 GeV/u.
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Figure 3: Temperature proﬁles corresponding to Figure 2.
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Figure 4: Pressure proﬁles corresponding to Figure 2.
We also carried out a parameter study of the target im-
plosion using diﬀerent values of the beam intensity over a
wide range (1010 - 2 × 1012). The pulse duration is con-
sidered to be 50 ns while three diﬀerent values are used for
the beam radius, assuming a uniform intensity proﬁle in
the transverse direction. Three diﬀerent values are consid-
ered for the beam radius which include 0.7, 1 and 1.5 mm
respectively. The results are plotted in Figs. 5, 6 and 7. It
is seen from Fig. 5 that the maximum hydrogen density in-
creases as the beam intensity increases and the curve with
a smaller beam radius is the highest. This is because a
smaller beam radius leads to a higher speciﬁc energy de-
position in the material that generates a higher pressure in
the gold shell which leads to a higher compression. How-
ever the density increase saturates around an intensity of
7.5 × 1011 ions. This is because if the beam intensity is
increased further, the heating of the hydrogen by the beam
becomes very strong that leads to a very high pressure and
the material is therefore not compressed eﬃciently.
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Figure 5: Maximum hydrogen density vs beam intensity
using a bunch length = 50 ns, a particle energy of 1 GeV/u
and three diﬀerent values for the beam radius.
This is seen from Fig. 6 where we plot the corresponding
temperature proﬁles. The temperature increases strongly
with beam intensity and a maximum temperature of about
6 eV is created for the maximum beam intensity when one
uses a beam radius of 0.7 mm. In case of a beam radius of
1.5 mm, the temperature is of the order of 2 - 3 eV. The
corresponding pressure proﬁles are plotted in Fig. 7. It is
seen that a wide range of physical parameters of hydrogen
can be achieved using the LAPLAS scheme at the FAIR.
The physical conditions that are expected in the interior
of Jupiter and Saturn lie within this range. Similar calcu-
lations have been done using water as a sample material
and we have found that one can easily achieve the exotic
physical conditions that are predicted to exist in Uranus
and Saturn.
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We note that previously [3,4] we simulated the implosion
of the same target, but using an annular focal spot so that
the hydrogen was not directly heated by the beam. In
that case the hydrogen temperature was much lower (a
few thousand K) whereas the density was similar to that
in the present case. The corresponding pressure in the
previous case was also lower than that in the present one.
The physical conditions reported in ref. [3,4] correspond
to those needed to metallize hydrogen.
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HIHEX: Experiment Design to Study Equation of State Properties of
High Energy Density Matter at Upgraded SIS-18 and FAIR
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Currently, the uranium beam generated by the SIS-18
has an intensity of 4 × 109 ions with a particle energy
of up to 1 GeV/u that are delivered in a single bunch, a
few hundred ns long. It is expected that when the SIS-18
upgrade is completed, the beam intensity will increase to
2 × 1011 ions while the bunch length will be reduced to
about 100 ns. A new synchrotron SIS-100, that will be
built at the future FAIR facility, will be able to provide
a much more powerful uranium beam with an intensity of
2 × 1012 ions per bunch. The particle energy will be in
the range of 400 MeV/u - 2.7 GeV/u and depending on the
energy, the bunch length will be in the range 20 - 100 ns.
The beam intensity at the above two facilities is ex-
pected to increase gradually and the respective maximum
beam intensities will be achieved over a period of several
years. It is therefore important to investigate if one can
perform useful experiments during the intermediate stages
of the facility upgrades. For this purpose we have carried
out extensive numerical simulations of thermodynamic and
hydrodynamic response of a sample material employing
a two–dimensional computer code, BIG-2 [Fortov et al.,
Nucl. Sci. Eng. 123 (1996) 169], using a wide range of
beam intensities (1010 - 1011 ions/bunch). The design of
the proposed experiment showing the beam-target conﬁg-
uration is presented in Fig.1.
The target consists of a number of circular discs of a
sample material, each having a diameter, d and a thick-
ness x1. Separation between two neighboring discs is x3
and these are enclosed in a cylindrical shell of a strong
transparent material like LiF or sapphire. This transpar-
ent wall will allow one to perform diagnostics during the
experiment. On either side of the cylindrical target, a thin
disc of W is placed. The separation between the sample
material and the W is denoted by x2. The ion beam is
incident on one face of the target. A thick cylindrical shell
of a high density material is used as a beam blocker that
stops the ions from irradiating the transparent wall. The
ions which are allowed to proceed, penetrate through the
W disc, subsequently pass through the elements of the test
material and ﬁnally emerge from the second W disc. The
energy of the incident ions is chosen in such a way that the
ion range is much larger than the line density of the tar-
get. This allows for a uniform energy deposition along the
particle trajectory. In order to ensure a uniform energy
deposition along the transverse direction, we assume that
the full width at half maximum (FWHM) of the Gaussian
intensity proﬁle along the beam radius is much larger than
the diameter, d, of the test material.
In one of the simulation cases we use a 500 MeV/u ura-
nium beam with an intensity N = 7.5 × 1010 ions that
are delivered in a 100 ns long bunch. The FWHM of the
Figure 1: Beam-target geometry for the proposed experi-
ment.
Gaussian beam intensity proﬁle along the radial direction
is assumed to be 3 mm. For the sample material we use
lead and consider d = 0.8 mm, x1 = 200 µm, x2 = 100 µm
and x3 = 200 µm respectively, using three pieces of the
test material which is lead. Each of the W discs has a
thickness of 50 µm and thickness of the LiF shell is 3 mm.
In Figs. 2, 3 and 4 we plot the temperature, pressure and
density proﬁles respectively along the the target length at
diﬀerent times in the lead region. The simulations show
that a speciﬁc energy of 1.3 kJ/g is deposited in lead.
It is seen from Fig. 2 that at t = 100 ns, the lead region
is uniformly heated and the material has already been set
in motion. This is also seen from the corresponding pres-
sure and density curves in Figs. 3 and 4 respectively. At
t = 150 ns, the counter expanding material from the dif-
ferent pieces of the sample collides and one sees a peak in
temperature, pressure and density correspondingly. Mul-
tiple reﬂections take place that tend to homogenize the
physical conditions in the sample material (see the corre-
sponding curves at t = 1000 ns).
In Fig. 5 we plot the density, temperature and pressure
along the radius in the sample material at t = 5000 ns
that shows fairly homogeneous physical conditions in this
regions. It is seen that the density is about 5.6 g/cm3,
pressure is of the order of 20 kbar while the temperature
is of the order of 8800 K that correspond to conditions of
an expanded hot liquid state.
In Fig. 6 we present the same parameters as in Fig. 5,
but using N = 5 × 1010, x1 = 100 µm, x2 = 100 µm and x3
= 200 µm. It is seen that the density is about 3.5 g/cm3,
pressure is 6 kbar while the temperature is 7400 keV. These
represent physical conditions of a super critical state. The
critical point parameters for lead are expected to be a den-
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Figure 2: Temperature along target length at diﬀerent
times; 7.5 × 1010 uranium ions, 500 MeV/u particle en-
ergy, 100 ns long bunch, FWHM = 3 mm; thickness of
W = 50 µm, thickness of LiF shell = 3 mm, x1 = 200 µm,
x2 = 100 µm and x3 = 200 µm.
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Figure 3: Pressure proﬁles corresponding to Fig. 2
sity of 3.1 g/cm3, a pressure of 2.3 kbar and a tempera-
ture of 5500 K. The above simulation results show that by
changing the dimensions, x1, x2 and x3 of the target, one
can control the ﬁnal density and pressure achieved in the
sample material thereby accessing diﬀerent physical states.
This study suggests that by using beam intensities that
are much lower than the maximum expected intensities at
the upgraded SIS-18 and FAIR, it will be possible to ac-
cess very interesting regions of the phase diagram. This
includes state of an expanded hot liquid, two-phase liquid-
gas region and critical as well as supercritical states. How-
ever strongly coupled plasma states can only be accessed
by much higher beam intensities that will be available at
the FAIR when it will be working at its full capacity.
In the HIHEX scheme the equation of state properties
will be determined by direct measurement of the physical
parameters, density, temperature and pressure. The max-
imum pressure that LiF can withstand is of the order of
100 kbar, Therefore the target will be stable to the physi-
cal conditions achieved in these experiments. The sample
pressure will be measured using laser interferometry tech-
niques while the density will be determined using ion beam
and proton radiography. The ions for this purpose will be
provided from a second beam (imaging beam) that will be
incident on the target perpendicular to the main beam. In
addition to that, knowing the initial volume of the target,
one can easily determine the ﬁnal density of the sample
material. The temperature will be measured by analyzing
the thermal radiation emitted from the sample material
through the transparent wall of LiF with a pyrometer.
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Figure 4: Density proﬁles corresponding to Fig. 2
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Figure 5: Density, Temperature and pressure vs target ra-
dius at t = 5000 ns corresponding to the the case presented
in Fig. 2.
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Figure 6: Same as in Fig.7, but using N = 5 × 1010 ions, x1
= 100 µm, x2 = 100 µm and x3 = 200 µm at t = 5000 ns.
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N.A. Tahir1, H. Weick1, H. Geissel1, A. Kelic1, B. Kindler1, B. Lommel1, G. Mu¨nzenberg1,
K. Su¨mmerer1, A. Shutov2, M. Winkler1, and D.H.H. Hoﬀmann3
1GSI Darmstadt; 2IPCP Chernogolovka; 3TU-Darmstadt
In addition to a rotating wheel shaped graphite target
irradiated by an extended beam spot [1], a windowless liq-
uid metal jet target may be considered for the high beam
intensity of the order of 1012 ions of 1 GeV/u uranium
delivered in a 50 ns long, single bunch to the Super-FRS.
Diﬀerent materials that can be used to construct the tar-
get include Li, Na, Ga, Hg and Pb. Lower-Z targets are
preferable due to the higher nuclear cross section, for the
same atomic energy loss, leading to much higher produc-
tion rates of radioactive nuclides. Also activation will be
much lower for these targets. It is important that the liq-
uid does not become gaseous as a result of beam heating.
From this point of view Li has an additional advantage
as it has a wide operational range for temperature (melt-
ing temperature = 460 K and boiling temperature = 1643
K). However a deﬁnite decision about the choice of the
material for a target will be made later.
This contribution presents ﬁrst simulation results of a
liquid lithium target that is irradiated by the above beam
parameters. The simulations have been carried out using a
two-dimensional hydrodynamic computer code, BIG-2 [2].
In practice one would use a free falling layer of liquid, but
for the simlicity of the calculations we consider a cylinder
of liquid lithium and the beam is incident on one of the
faces of the target. The cylinder has a length of 7 cm
so that the target line density is 3.7 g/cm2 and the ions
lose 27 % of their energy in the target and emerge from
the opposite face with a reduced energy. In order to keep
lithium in liquid state, an initial temperature of 460 K is
assumed.
We consider two values for the beam focal spot. In prac-
tice one uses an elliptic focal spot with a Gaussian beam
intensity proﬁle in the transverse direction. However due
to the limitation that BIG-2 is a two-dimensional model,
we consider a circular focal spot that has the same area
as the elliptic one. First we assume that the standard
deviation , σ of the circular focal spot is 1.414 mm that
corresponds to σx = 1 mm and σy = 2 mm for an equiva-
lent elliptic focal spot. The results are plotted in Figs. 1,
2, 3 and 4.
In Fig. 1 we present the speciﬁc energy that is deposited
in the target by the beam at t = 50 ns, the time when the
beam has just delivered its total energy. At the maximum
of the Gaussian intensity distribution at r = 0 mm, a max-
imum temperature of 6818 K and a maximum pressure of
7.25 GPa are created. The boiling temperature of lithium
is 1643 K, therefore the material in the beam heated region
will become gaseous. Simulations show that the gaseous
material will move along the beam line with a high veloc-
ity of the order of 3.2 km/s. This will result in spilling of
lithium in the beam line area which will be very diﬃcult to
remove. In Fig. 2 we plot the target density at t = 1000 ns
and it is seen that the material has signiﬁcantly expanded
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Figure 1: Speciﬁc energy deposition on a length-radius
plane at t = 50 ns, N = 1012 ions, energy = 1 GeV/u,
pulse duration = 50 ns, σ = 1.414 mm (equivalent to σx
= 1 mm, σy = 2 mm, for an elliptic focal spot with the
same area).
along the axial direction and the density in the expanded
region has become 0.04 g/cm3. Therefore with the consid-
ered beam parameters this design is not very attractive.
Moreover, due to the high pressure in the heated region,
a compression wave will be launched in the transverse di-
rection. In Fig. 3 we plot the velocity of the material that
moves outwards as a result of the compression wave along
the transverse coordinate at diﬀerent times. It is seen that
at t = 350 ns the velocity has a maximum value of about
1 km/s, but due to cylindrical divergence the compres-
sion wave becomes weaker as it travels outwards and slows
down. This is seen from Fig. 4 where we plot the density
proﬁles along the transverse direction at diﬀerent times.
At t = 10 µs the velocity has been reduced to 145 m/s
and by this time the wave amplitude has also been sig-
niﬁcantly reduced. The sound speed in the material is of
the order of 5 km/s and it is seen that by this time the
wave has traveled a distance of about 5 cm in the trans-
verse direction. These calculations show that it may be
possible that the compression wave will be damped before
it reaches the nozzle of the jet.
Since the speciﬁc energy deposition is inversly propor-
tional to the focal spot area, one can reduce the target
heating by using a larger focal spot. We now consider a
case where we assume a σ = 4.899 mm that has the same
area as an elliptic focal spot with σx = 2 mm and σy =
12 mm. A focal spot of the primary beam with these di-
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Figure 2: Target density at t = 1000 ns for the case pre-
sented in Fig. 1.
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Figure 3: Material velocity in the transverse direction at
diﬀerent times after the irradiation.
mensions leads to an acceptable level of transmission and
resolution of the radioactive isotopes. We note that this
is an advantage of using a liquid lithium target because
instead, if one uses a solid carbon target, one must use
a focal spot with σx = 4 mm so that the target survives
[3]. This larger value of σx = 4 mm will lead to a poorer
resolution.
The results for this case are shown in Fig. 5 where we
plot the target density at t = 1000 ns. In this case a speciﬁc
energy of 1.66 kJ/g is deposited in the material at t = 50
ns at the maximum of the Gaussian distribution and the
temperature increases to 1053 K from an initial value of
460 K. The corresponding pressure is of the order of 0.9
GPa. The material therefore remains in a liquid state and
there will be no signiﬁcant hydrodynamic expansion along
the axial direction. However some liquid may splash from
the surface due to the impact of the beam, but this eﬀect
cannot be studied with the present model.
The maximum velocity of the material moving outwards
in the transverse direction is 106 m/s which occurs at t =
1200 ns, but at t = 10 µs it is reduced to 50 m/s.
It is seen from Fig. 5 that at t = 1000 ns, there is no sig-
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Figure 4: Density proﬁles along the transverse direction at
diﬀerent times after the irradiation.
niﬁcant expansion along the longitudinal direction. In case
of Fig. 2, on the other hand, there is substantial material
expansion in longitudinal direction and the density of the
expanded material has been reduced to 0.04 g/cm3. These
simulations therefore suggest that this target concept will
work if one uses a larger focal spot.
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Figure 5: Target density at t = 1000 ns, N = 1012 ions,
energy = 1 GeV/u, pulse duration = 50 ns, σ = 4.899 mm
(equivalent to σx = 2 mm, σy = 12 mm, for an elliptic
focal spot with the same area).
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The motivation to construct the Large Hadron Collider
(LHC) at CERN comes from fundamental problems in Par-
ticle Physics. The LHC is being installed in a tunnel with
a circumference of 26.8 km that was previously used for
the Large Electron Positron Collider (LEP). Two counter
rotating proton beams will be made to circulate in sepa-
rate beam pipes and will be accelerated to particle energies
of 7 TeV. The protons in the two beams will then be made
to collide at the center of mass energy of 14 TeV.
Each beam will consist of a bunch train with every bunch
consisting of 1.15 × 1011 protons. The total number of
bunches will be 2808, so that the total number of protons
in each beam will be 3 × 1014. The bunch length will be
0.5 ns and two neighboring bunches will be separated by
25 ns while the radial power proﬁle in the beam spot will
be Gaussian with a standard deviation of 0.2 mm. The
total duration of the beam is of the order of 89 µs.
It is interesting to note that a very important ”spinoﬀ”
of the LHC could be the studies of high-energy-density
(HED) states in matter, because interaction of such pow-
erful beams with solid matter would lead to creation of
these exotic states. These include expanded as well as
compressed hot liquid states, two-phase liquid-gas region,
critical point region and strongly coupled plasma states
including exotic phase transitions in nonideal plasmas.
In order to study the potential of using the LHC beams
for this purpose, we carried out numerical simulations
of thermodynamic and hydrodynamic response of a solid
copper target that is irradiated with one of the LHC
beams. The simulations have been carried out using a
two-dimensional computer code BIG-21 which is based on
a Godunov type numerical scheme. A multiphase semi-
empirical EOS model3 is used to treat diﬀerent phases of
the target material . Our simulations show that the ﬁrst
bunch deposits about 2.5 kJ/g speciﬁc energy in the target.
The speciﬁc energy deposition increases as the subsequent
bunches deliver their energy to the target.
It is well known that energetic heavy ions deposit their
energy in the target as a result of Coulomb collisions,
mainly with the target electrons. The 7 TeV protons,
on the other hand, when incident on matter, will gener-
ate particle cascades in all directions and one needs to
calculate the energy deposited by all these diﬀerent par-
ticles in the target. For this purpose we have used the
well known particle interaction and transport Monte Carlo
code, FLUKA2. This code is capable of calculating all
components of particle cascades in matter from TeV en-
ergies down to that of the thermal neutrons. The energy
deposition proﬁle calculated by the FLUKA code is used
as input to the BIG-2 code. The target geometry for the
FLUKA simulations is considered to be a cylinder of solid
copper that is 5 m long and has 1 m radius. The energy
deposition proﬁle along the target axis per bunch (after 1
ns) is shown in Fig.1.
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Figure 1: Speciﬁc energy deposited by one bunch along
the target axis.
The longitudinal peak of energy deposition occurs at
about 15 cm and the deposited energy is a factor 1250
lower than the peak value at about 1.5 m. Energy deposi-
tion proﬁles along the transverse direction at four diﬀerent
points along the length, namely, 8 cm, 16 cm, 24 cm and
36 cm are plotted in Fig.2.
For the BIG-2 calculations we consider a cylinder made
of solid copper with a radius of 5 cm and the beam is inci-
dent along the axis. Due to the three dimensional nature
of the energy deposition calculated by the FLUKA code,
and the limitation that the BIG-2 code is two-dimensional,
we simulate target heating and expansion in the transverse
plane at diﬀerent longitudinal positions, L. Here we only
report results corresponding to L = 16 cm where the max-
ima of the energy deposition lies.
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Figure 2: Speciﬁc energy vs transverse coordinate at dif-
ferent longitudinal positions.
In Fig. 3 we present the material state along the trans-
verse plane of the target at L = 16 cm and at t = 500 ns.
By this time a speciﬁc energy of 44 kJ/g has been de-
posited in the target that leads to a temperature of 5 eV
and a pressure of 35 GPa. The high pressure drives a radi-
ally outgoing shock wave and as a consequence the density
at the target center decreases to a value of 3.6 g/cm3. It
TT-05
33
is seen that the material that lies within a radius of 4 mm
has been transformed into an expanded hot liquid state
while the melting front is seen moving outwards.
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Figure 3: Material state at t = 500 ns
Figure 4 also shows the material physical state, but at
t = 2.5 µs. It is within the inner 2 mm radius, a plasma
is created and the plasma region is followed by a liquid
region that extends up to a radius of 8 mm.
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Figure 4: Material state at t = 2.5 µs
In Fig. 5 we plot the density and temperature at the tar-
get center vs time. In Figs. 6 we plot the plasma coupling
parameter Γ in a copper plasma as a function of tempera-
ture and density, respectively. Calculations of the plasma
coupling parameter have been performed using the code
SAHA-IV4 which is specially designed for calculations of
thermodynamic properties of multicomponent plasma with
strong interparticle interactions.
A comparison between Fig. 5 and Fig. 6 shows that at
the central part of the target, a strongly coupled plasma
with a plasma parameter of the order of 2-5 is created. An
LHC beam will therefore be a very eﬃcient tool to create
states of an expanded hot liquid and strongly coupled plas-
mas with life times of the order of ten µs. We note that
at t = 10 µs, only about 400 out of 2808 LHC bunches
have been delivered. However, by this time the target
density becomes extremely low, the rest of the bunches
will encounter little mass and will therefore pass through
this region of the target without any signiﬁcant interac-
tion and will penetrate deeper into the target. The time
for investigation may therefore be limited to 10 µs, which
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Figure 5: Density and temperature at the target center vs
time
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temperatre and density
is suﬃciently long to carry out diagnostics.
Diagnostics of such samples of HED matter will be a
very challenging problem. A complete set of diagnostic
tools will be needed to measure density, temperature and
pressure of the sample to fully determine the EOS. The
simulations show a temperature of the order of 10 eV that
corresponds to a maximum of the Planck radiation of a
wavelength of about 30 nm, that will make pyrometry
in the vuv region a possibility to measure the tempera-
ture. Piezoelectric polymer stress gauges (PVDF) will im-
mersed in the target can be used to measure the pressure.
The density can be measured using X-ray backlighting and
shadowgraphy technique as well as proton radiography.
Further details about this work can be found in5;6.
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Modeling the Interiors of Giant Planets
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Giant Planets like Jupiter and Saturn consist mainly
of hydrogen and helium. Thus their modeling is strongly
connected with the equations of state (EOS) of hydrogen,
helium and their mixture. Diﬀerent EOS have been ap-
plied to Jupiter and the resulting core masses, element
abundances, pressures and temperatures are compared.
The Hugoniot curves in Fig. 1 give an overview of the state
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of art of experimental and theoretical data for the EOS of
hydrogen and deuterium. In the Mbar pressure range, ex-
perimental data gained by diﬀerent acceleration methods
(gas gun, Z-machine, explosion, Nova Laser) decay into
two groups: all but the Nova Laser data agree well with
the PIMC simulations and the theoretical Sesame Table,
yielding a relatively stiﬀ EOS, whereas the Nova Laser ex-
periments indicate an increased compressibility of H and
D. Depending on the contribution of charged particles to
the free energy, the Fluid Variational Theory (FVT) tends
to conﬁrm the latter data [1].
The restriction of a veriﬁcation of theoretical EOS by
means of laboratory experiments to pressures of less than
3 Mbar and their broad scatter with large error bars mo-
tivates to look for alternative constraints for the EOS.
Modeling the interiors of giant planets is such a promising
method. The interiors of Jupiter and Saturn cover large
temperature and pressure ranges from about 100 to 20.000
K and 1 bar to 40 Mbar, respectively [2].
Given the EOS, the interior structure is calculated by in-
tegrating the equation of hydrostatic equilibrium along an
isentrope, ﬁtting the observable parameters total mass M ,
radius R, rotation period and the highest gravitational mo-
ment J2. The gravitational moments J2i
J2i = − 1
MReq
∫
dV ρ(r(θ)) r2i P2i(cos θ)
are the coeﬃcients of the expansion of the graviational po-
tential into a series of Legendre polynomials, accounting
for the ﬂattening due to rigid body rotation. They are very
sensitive to the mass density distribution. Assuming a two-
layer structure, consisting of a homogeneous ﬂuid of hydro-
gen and helium and a dense core of ﬁxed size, J2 is ﬁtted
by variation of the He/H mass ratio Y keeping the abun-
dance Z of heavier elements ﬁxed, yielding a characteristic
tuple (m,T, P ) taken at the given core radius. Results for
Jupiter for diﬀerent EOS are shown in Table 1. The ele-
EOS Y + Z [%] mc [ME ] Tc [kK] Pc [MBar]
Sesame 1 36 11.8 20 42.5
S&C 1 37.1 4.2 15-21 40
S&C 2 32.0 10.0 15-21 40.0
Sesame 2 34.8 13.0 21 36.9
FVT 1 26.7 19.2 18 37.7
FVT 2 26.8 19.7 18 37.9
Table 1: Jupiter models ﬁtting R,M, J2 using diﬀerent EOS.
Sesame 1: H-Sesame / He-Kerley ([3],[4]); Sesame 2: H / He-Sesame;
FVT 1: H-FVT / He-Sesame; FVT 2: H-FVT/He-Kerley ([4]); S&C
1: H/He - Saumon & Chabrier without plasma phase transition [5], S
& C 2: with PPT [5].
ment abundances averaged over the total volume of Jupiter
and Saturn are generally proclaimed to reﬂect the compo-
sition of the protosolar cloud, as inferred from solar evo-
lution models and composition measurements. Thus the
protosolar helium content Y = 27% poses a lower bound
for the total heavy element abundances Y + Z of Jupiter.
Obviously, using the Sesame-EOS, the proposed model for
Jupiter fulﬁlls this requirement, while using the FVT-EOS
resembling the Nova Laser data it does not (Table 1). So
far we have neglected heavier elements. Taking them into
account would reduce Y even more. For the same pressure
gradient, a stiﬀer EOS means a smaller density increment
along an isentrope and, thus, requires a larger amount of
heavy elements to satisfy J2, leaving less mass for the core.
In agreement with calculations by Kerley [3] and Guillot
[2] the core pressure and temperature are between 36-40
Mbar and 17-20 kK (Table 1). Because of the much higher
compressibility of He compared with H, improvements of
the He-EOS by Kerley including charge ﬂuctuations of ion
spheres around isolated atoms at low densities [4] or by
inclusion of interaction between H and He [6] do not alter
the main result.
In conclusion, using a two layer structure, models of
Jupiter are not compatible with a soft H-EOS as indicated
by the Nova experiments.
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for warm dense matter 
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The state warm dense matter is located at solid densities
and temperatures of some thousand Kelvin. Examples are, 
e.g., dense alkali metals near the critical point or the interi-
ors of giant planets. Quantum statistical methods have to be
used to describe the physical behavior in this domain which
is characterized by strong correlations. We choose the
method of quantum molecular-dynamics simulations (QMD) 
to describe the dynamic and equilibrium properties. The
behavior of the electrons is treated on the level of density
functional theory (DFT). The ions are described as classical
particles (Born-Oppenheimer approximation). We perform
QMD calculations for fluid cesium and give first results for 
the EOS and the pair correlation function.
We use the well tested plane wave code VASP (Vienna 
Ab Initio Simulation Package) in our simulations [1, 2, 3]. 
VASP enables fast QMD calculations by using ultrasoft
pseudopotentials (US-PP). After invoking the Born-
Oppenheimer approximation, the active electrons, usually
corresponding to the valence electrons, are treated quantum
mechanically using a finite-temperature (Te) density func-
tional (FT-DFT) calculation [4] in the generalized gradient
approximation (GGA). In this way it is possible to perform
QMD calculations for warm dense matter (0 K – 10
6
K, 10
16
particles/cm
3
 – 10
23
 particles/cm
3
). [5, 6]
The wave functions are expanded in plane waves to mini-
mize the computational effort. The quantum mechanical "all
electron" potentials are inappropriate in this case because
their wave functions may include nodes. Instead, pseudopo-
tentials are used which reproduce the relevant physical prop-
erties, and the respective wave functions are expandable in
plane waves. Since the quality of these pseudopotentials is 
very important for the accuracy of the QMD calculations,
they have to be tested by calculating simple physical proper-
ties as the ionization energy of the single atom or the lattice
constant of the bulk material.
In our calculations for warm dense cesium we have used
an US-PP in GGA with one active electron per atom. We
show in Fig. 1 the free energy vs. the lattice constant for 
bcc-cesium. The calculated free energy has a minimum at 
the experimental value.
We perform calculations for warm dense cesium to study
equilibrium properties like the EOS and, in future, also the
electrical conductivity. Precise experimental results are
available for fluid cesium so that it serves as an ideal test
case for the QMD simulations. [7] Furthermore, the simulta-
neous occurrence of a liquid-gas phase transition and a
metal-nonmetal transition near the critical point requires
rigorous treatments for the correlations in the system.
In Fig. 2 we show as an example the ion-ion pair correla-
tion function g(r) for fluid cesium at a temperature of 1000
K and a density of 0.1 g/cm
3
. A pronounced first peak char-
acterizes the nearest-neighbor correlations, but no peaks of
higher order occur under these conditions. QMD simulations
for the EOS and the electrical conductivity are under way.
Fig. 1. Optimization of the lattice constant for cesium.
The minimum of the calculated free energy is located at the 
experimental lattice constant. The data points are fitted with
a quadratic Murnaghan-fit.
Fig. 2. Ion-ion pair correlation function for cesium. The
simulation is performed with 10 Cs atoms at 1000 K and 0.1
g/cm
3
 with a time step of 12 fs and a total simulation time of 
1.4 ps. 
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Bremsstrahlung in dense matter and Landau-Pomeranchuk-Migdal eﬀect
C. Fortmann, H. Reinholz, G. Ro¨pke, A. Wierling
Inst. of Physics, Rostock University, D-18051 Rostock
Bremsstrahlung is usually treated in second order per-
turbation theory of QED, yielding the well-known Bethe-
Heitler formula [1]. In dense media, medium eﬀects have
to be accounted for. Successive scattering of high energy
electrons in amorphous media [2] signiﬁcantly suppresses
the photon spectrum at low photon energies compared
to Bethe-Heitler theory. This eﬀect, known as Landau-
Pomeranchuk-Migdal eﬀect [3], has recently been con-
ﬁrmed in high energy experiments [4]. A microscopic the-
ory of LPM eﬀect in plasmas is still missing.
We evaluate a microscopic approach to the inﬂuence of
successive scattering on the inverse bremsstrahlung spec-
trum, based on the spectral function of the absorbing par-
ticles [5]. The absorption coeﬃcient is related to the trans-
verse dielectric function by εt(ω) =
(
n(ω) + i c2ωα(ω)
)2.
Using the ﬂuctuation-dissipation theorem [6] we express
the absorption coeﬃcient through of the force-force cor-
relation function, given in terms of the particle spectral
function,
Ae(p, ω) =
Γe(p, ω)
(ω − Eep −∆e(p, ω))2 + Γ2e(p, ω)/4
. (1)
The self-energy describes the single scattering of the ab-
sorbing particle on an ions potential, represented by the
following diagram.
Σe(p, zν) = ∆e(p, ω)− iΓe(p, ω)/2 =
   
 
 


 
. (2)
Fig. 1 (a) shows the solution of this self-consistency equa-
tion.
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Figure 1: Imaginary and real part of self-energy, dispersion relation
and spectral function as function of  ω at p = 1 a−1B (a) calculated
self-consistently (rainbow-approximation) and (b) with free internal
propagator in the self-energy diagram (Eq. (2)).
The spectral function is broadened around the quasi-
particle energy at ω = Eep = 1Ry. Its shape is deter-
mined by the imaginary part of the self-energy. For com-
parison, Fig. 1 (b) shows the results for the ﬁrst iteration of
Eq. (2), where the full internal propagator is replaced by a
free propagator. The non-physical artefacts of the spectral
function (two separate peaks) vanish in the self-consistent
calculation.
With this spectral function we calculate the absorption
spectrum [5],
α(ω) =
πΩ0nie6
cε30ω
3m2
∫
d3p d3q
(2π)6
v2q
∞∫
−∞
dω′
2π
Ae(p+ q, ω + ω′)
×Ae(p, ω′) · [fe(ω + ω′)− fe(ω′)] , (3)
and compare the result to Born approximation, which
is obtained by replacing the spectral function by an on-
shell distribution Ae(p, ω) → 2πδ(Eep − ω). Fig. 2 shows
the absorption coeﬃcient with respect to the Born result:
The dashed line represents the self-energy approximation
(Eq. (3)) with self-consistent self-energy (Eq. (2)), the dot-
ted line results from the self-energy with free internal prop-
agator. In both cases, we obtain a suppression at low en-
ergies and convergence with the Born result in the high
photon energy domain, while at intermediate energies an
enhancement is observed, that is in contrast to the LPM
result. In the self-consistent calculation, this enhancement
is reduced. Further reduction results from the ﬁrst vertex
correction (solid line), which has to be added in order to
fulﬁll Ward-Takashi identities. We compare with a calcula-
tion using a non-dynamic self-energy (dashed-dotted line),
where the frequency variable in the self-energy is replaced
by the on-shell energy (Σe(p, ω) → Σe(p, Eep)). This cor-
responds to a result reported in [7], where a parametrized
life-time of the quasiparticles is used.
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Figure 2: Ratio α(ω)/αB(ω) as a function of frequency ω.
A consistent description of medium eﬀects must con-
tain a self-consistent vertex function. This is obtained
within the Schwinger-Dyson approach well established in
quantum ﬁeld theory [8] and now to be applied in plasma
physics.
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The Influense of Target Matter Porosity on Ion Stopping Characteristics
V.V. Vatulin, A.S. Gnutov
VNIIEF, Sarov, Nizhni Novgorod Reg., Russia
To get an accurate description of has-dynamic motions at
the target irradiation with an ion beam we must know the
profile of energy release during ion stopping. The experi-
mental dependence dE/dx in graphite with different densi-
ties, obtained during the experiments at the SIS-18 (GSI) 
accelerator by the team of VNIIEF, ITEP and GSI special-
ists, is presented in Fig.1 [1]. The experimental dependences
dE/dx considerably differs from the theoretical curve, ob-
tained with the SRIM program.
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Fig.1. Profile of the energy release of U ions with the 
energy 180.4 MeV/nucleon in graphite with different densi-
ties.
The profile of the energy release at ion stopping depends
on the structure of the material of the irradiated target. Po-
rous materials with ordered and chaotic structures are shown
in Fig.2.
 Ordered structure of the target;   Chaotic structure of the target
Fig.2. Scheme of grains disposal in a porous target material
with ordered (left) and chaotic (right) structure.
The dependence dE/dx for the ordered structure is de-
scribed as follows:
   ³  
R
rɫɪɟɞɧ dr
dx
dE
l
r
dx
dE
0
2
,...
1
2,... USU (1)
where : R is the radius of the sphere; l  is the dimention of
a cell meant for one sphere; r  is the integration radius.
The dependence dE/dx for the chaotic structure is deter-
mined with the following expression:
   ³
f
 
0
,...),(,... dk
dx
dE
nkP
dx
dE
kɫɪɟɞɧ UU (2)
where the expectancy of grain distribution is determined
with the Poisson formula, where n is the average amount of 
particles along the whole path; k is the amount of particles
on the given path.
The profile dE/dx at uranium ion stopping in porous
graphite is shown in Fig.3. In case of ordered distribution of
grains in the material the maximum dE/dx is realized not in
the end of the stopping path, but in some intermediate posi-
tion. Thus, the energy release inside the target with the or-
dered structure turns out to be far from averaged. 
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Fig.3. Profile of the energy release of U ions with the
energy 200 AMeV in porous graphite with the density 0.2
g/cm
3
The spectrum of ion beam energies after passing through
a porous target is presented in Fig.4: a) near the starting
point of the range, b) before the Bragg - pick, c) between the
picks of the ordered and the chaotic structures, d) after the
pick of the chaotic structure.
Fig.4. Distribution of the ion beam energy in different
points of the range.
In case of rather high energy of the ion beam as far as the
energy is released dense spheres will start to expand, filling
the surrounding area. The density of the absorber will be-
come more uniform, until it is completely homogenous
along the whole space. The profile dE/dx will be deforming
down to the “average” view. Comparing the calculated time
of such “deformation” with that experimental we can esti-
mate the time of disintegration of the spheres and judge on
the precision of the numerical simulation.
This work was performed in context of WTZ 01/694.
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Heavy ion stopping in matter when the beam falls on the surface with a 
small angle 
V.V. Vatulin, A.S. Gnutov
VNIIEF, Sarov, Nizhni Novgorod Reg., Russia
In the accelerator the situation when the angle between
the direction of ion motion and the surface of the ion con-
ductor is small (hundredth of radian) is realized. Ion losses
in matter are quite well described by the following well-
known formula:
L
m
nZe
S
dx
dE
e
bound
ep
2
2
2
0
4
4 XSH
 { (1)
Let’s consider some processes occurring during the stop-
ping process.
1) Nuclear reactions. Their cross-sections are rather small
(according to [1] the cross-sections of 2.6 GeV proton
nuclear reactions with 
56
Fe are |200 Mbarn, which is 2-
3 order less than the scattering cross-sections on the ions
with the same energy).
2) Scattering on electrons.
3)  Ion beam scattering on the target ions.
For example, at the 
238
U scattering on an electron the
largest scattering angle Emax|2*10-6 rad, at the 238U scatter-
ing on an iron ion Emax |0.2 rad. Thus, the basic mechanism
of ion beam outflow from the stopping matter at small inci-
dence angles is ion scattering on the target ions.
The flying ion, which motion direction makes up the an-
gle D with the matter surface, will leave the stopping matter
only if it was scattered to some angle, depending on the
penetration depth.
The scattering cross-sections were calculated over the
Rutherford formula.
To obtain the probability of particle outflow from matter
we must integrate the scattering cross-section over the an-
gles, causing particle outflow. As a result we obtain the
following:
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where P is the reduced mass; Z1, Z2 are the numbers of 
fallen and scattered particles; v is the velocity of a stopping
ion in the given point. The dependence v(x) in this formula
is determined after the solution of the equation (1).
The portion of ions, left in the matter, is determined over
the expression:
¸¸¹
·
¨¨©
§
³ )),(2exp(1
2
1
),(
0 2
x
dy
m
yxQ
UDVD (3)
where U is the matter density.
In Fig. 1 the dependence of the 950 ɆeV/Ⱥ U ion por-
tion, remaining in copper, on the depth of their penetration
for the incidence angle 0.002 rad is presented.
Fig. 1. Portion of ions, remaining in the matter x(cm) in 
the case of
238
UoCu (950 ȺMeV); D=2*10-3 rad.
Using the obtained function Q as the weight function, we
obtain the final distribution of the ion energy release
dE/dx2(Į,x)=Q(Į,x)dE/dx(x) when the ions fall on the sur-
face of a matter nearly tangentially.
In Fig.2 the graph of the dE/dx dependence on the pene-
tration depth is presented. In the case of ion falling on the
surface with small angles (firm line) the energy release is 
less than in the case of normal ion falling (dotted line) prac-
tically on the whole way.
Fig. 2. Final profile dE/dx (keV/cm) in the case of
238
U
(950 AMeV) oCu; D=2*10-3 rad; x-depth (cm)
The total energy, deposited in the matter, consequently
decreases. In the case of
238
U (200 AMeV) when ions fall on 
Cu with the angle 2×10
-3
rad, approximately 90% of the total
ion energy are deposited in the matter. When the initial en-
ergy of the ions is increased, the portion of deposited energy
weakly decreases; for example, for the same angle and the
energy of U ions equal 1 GeV the energy deposition in the
matter is 85%. When the incidence angle decreases down to 
0, the portion of deposited energy decreases down to 50%.
This work was performed in context of GSI-INTAS Pro-
ject #03-54-3588.
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Two-dimensional numerical simulations of a shell-shielded target
driven by an intense co-axial heavy ion beam
M. Temporal1, J. J. Lopez Cela1, A. R. Piriz1, N. Grandjouan2, N. A. Tahir3 and D. H. H. Hoffmann3,4
1) Univ. Castilla-La Mancha, 2) LULI Ecole Polytechnique, 3) GSI Darmstadt, 4) TU Darmstadt.
The study of matter under pressures of several
Mbar and compressed to several times solid density is 
of great interest to different interdisciplinary sciences.
Many studies have been performed in relation to
astrophysics phenomena and high-energy-density mater
studies. As early as 1935 it was theoretically predicted
that hydrogen at a pressure of 0.25 Mbar should
experience a phase transition from an insulator to a 
metallic state
[1]
. Modern estimates suggest that this
phase transition should occur at a density around
1 g/cm3, temperatures below a few thousand Kelvin and
at pressures of the order of a few Mbar
[2]
.
Fig. 1. Sketch of the beam-target configuration. 
We present a target design[3] of a new experiment
that can be performed using the beam at the future SIS-
100 facility. The target consists in a gold layer that
encloses a cylindrical cryogenic hydrogen sample
(UH = 0.0886 g/cm3, TH = 10 K). An intense uranium ion
bunch axially irradiates the target as schematically
shown in Fig. 1. A cylindrical gold beam stopper is
designed to shield completely the hydrogen sample
from the direct heating of the ions. The cylindrical gold
beam stopper with radius roff is directly irradiated by the
uranium ions and expands laterally. The lateral 
expansion is limited by an external aluminum layer.
The target implosion has been simulated using
the two-dimensional (2D) hydro-code CAVEAT[4] using
SESAME equations. The density maps evaluated at the
end of the ions pulse, t = 100 ns and at the stagnation
time t = 181 ns are shown in Fig. 2. The ions crossing
the aluminum target reach the gold absorber with an 
energy high enough to still provide a uniform energy
deposition along the first 2 cm of the gold absorber.
Average hydrogen compression factors as high
as 18 and temperatures lower than 0.1 eV are reached
by using NU = 2 10
11 uranium ions accelerated to 
3 GeV/u and compressed in a bunch having a length
W = 100 ns and a Gaussian spread with ' = 2 mm 
driving a target characterized by: hydrogen radius
rH = 300 Pm, beam stopper radius roff = 400 Pm, stopper
length LS = 4.5 cm and target length LH of around
1.5 cm. The simulations confirm that the 2D effect
generated at the boundary of the hydrogen target does
not change significantly the 1D cylindrical implosion.
Fig.2. Density and temperature isocontour evaluated at
t = 100 ns and at the stagnation time t = 181 ns.
It is expected that this beam-target geometry will
allow for producing the phase transition to metallic
hydrogen. Since metallic hydrogen is predicted to be
superconductor, such transition can be in principle
detected by measuring a strong reduction of the
electrical resistivity
[5]
.
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Imax(z,r) is determined by solving the propagation equation,
derived from [3], inside the target gas for the pumping laser.
In the case of a capillary tube, the boundary conditions at the
capillary wall are numerically implemented as described in
[4]. The parameters entering the functions
Modelling of transport and amplification of a short XUV pulse in a 
plasma with high gain
G. Maynard1, B. Cros1, G. Vieux1, A. Lenglet1, S. Sebban2, I. Bettaibi2, T. Mocek 3, J. Dubau4, F. Lam-
bert5 and J. Clerouin5
1
LPGP, Université Paris XI, Orsay, France;
2
LOA-ENSTA, Palaiseau, France;
3
X-Ray laser department, Inst. Phys., Prague ;
4
LIXAM, Université Paris XI, France;
5
CEA-DAM, Bruyères-le Chatel, France.
In a recent experiment performed at LOA, Palaiseau, using
a 10-Hz multiterawatt Ti-saphire laser system delivering 34-
fs pulses with an energy on target of up to 1J,  a significant
increase of the output of a 41.8-nm Xe
8+
 laser has been ob-
tained by means of multimode guiding of high-intensity
femtosecond laser pulses in a gas-filled dielectric capillary
tube [1]. Such an experiment of Soft X-Ray Laser (SXRL)
amplification over large volume and in a highly saturated
regime provides an unique opportunity for a precise valida-
tion of theoretical modelling of atomic dynamics and radia-
tion transport in a highly non-equilibrium hot plasma. The
influence of several parameters on the SXRL energy has 
been experimentally measured both in a gas cell and a capil-
lary tube for a well characterized initial target state on a
timescale much lower than the hydrodynamic motion one.
A full ab initio model has been implemented into a numeri-
cal code that allows for a direct quantitative comparison
between theoretical and experimental results. In this model,
the SXRL energy is determined by solving the transfer equa-
tion [2] for the SXRL intensity  , , , ,I z r tO :
   max, , ( , ),gg z r t f I z r t  max ,g
 in a 2D
axis-symmetric geometry, with z and r the longitudinal and
transverse positions inside the target, O a wavelength of the
SXRL line profile, : a solid angle of SXRL propagation and
t is the time variable. The transfer equation has been solved
using a local approximation in which each plasma physical
quantity (small signal gain, emissivity and saturated inten-
sity) at a specific position z, r is written as a function of the
maximum value Imax(z,r) for the intensity of the pumping
laser. For example for the small signal gain:
, where f I t  is an 
analytical function of Imax and t with parameters that depend
only on the atomic number and on the initial local atomic
density of the target gas.
 max ,f I tO
References
,
where O stands for either the small signal gain the saturated
intensity or the emissivity, are determined by a fitting pro-
cedure over extensive calculations of the dynamical evolu-
tion of the plasma created by optical field ionisation. Within
these calculations, the relaxation of the electron distribution
function is evaluated using the Fokker-Planck approxima-
tion [5], while atomic data are calculated from the SUPER-
STRUCTURE code [6]  together with the distorted wave
approximation for the collision strengths [7].
As a representative result of the theoretical modeling we
have reported in Fig. 1 the variation of the SXRL energy
versus the target length at various pressures. We see in this
figure that at small target lengths the SXRL signal is
increasing with the target pressure, which is due to the in-
crease of the local gain with the target density. On the other
side for long targets, the SXRL signal is higher at low pres-
sure. In this case the volume of the amplifying media, and
thus the efficiency of the guiding of the pumping laser, plays
the dominant role. In accordance with the experimental re-
sult we can observe that the capillary tube provides a sig-
nificant increase of the SXRL signal at low pressures. More 
details on the comparison between experimental and theo-
retical results will appear in a forthcoming paper.
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Fig. 1: SXRL signal for the 41.8 nm Xe
8+
line in arbitrary
units; the number on each curve indicates the pressure in
mbar of the Xe gas. a) gas cell; b) capillary tube.
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Molecular Dynamics Simulations and Collisional Absorption in
Dense Laser-Produced Plasmas
Thomas Bornath1, Manfred Schlanges2, Paul Hilse2, and Dietrich Kremp1
1Universita¨t Rostock, Institut fu¨r Physik, D-18051 Rostock, Germany; 2Ernst-Moritz-Arndt-Universita¨t Greifswald,
Institut fu¨r Physik, Domstrasse 10a, D-17487 Greifswald
An important question in almost all experiments with
interaction of intense laser pulses with matter is the cal-
culation of the energy deposition and the description of
the heating connected with that. If a solid target is irradi-
ated by such an intense laser pulse, dense plasmas can be
created. One of the important mechanisms of energy depo-
sition is inverse bremsstrahlung usually described in terms
of the electron-ion collision frequency. There are various
analytic approaches, for references see [1]. Simulations of
inverse-bremstrahlung absorption were performed, e.g., by
Pfalzner and Gibbon [2] who used molecular dynamics en-
forcing a single temperature for electrons and ions. We
calculated the energy absorption with molecular dynamics
simulations and compared the results with our analytical
approach [1, 3] for a two-temperature plasma [4, 5]. The
main diﬃculty in order to simulate a fully ionized plasma is
to model the attractive electron–ion interaction: the pure
Coulomb–potential has a singularity at the origin which
causes a non–physical behaviour of the system. To avoid
this divergence and to include quantum eﬀects, we used
the so-called Kelbg–potential. The external electric ﬁeld
was implemented as a homogeneous linearly polarized har-
monic ﬁeld.
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Figure 1: Electron–ion collision frequency as a function of the cou-
pling parameter Γ = Ze
2
kBTe
( 4π
3
n)1/3 for a hydrogen plasma in a laser
ﬁeld. Solid and dotted lines: quantum statistical approach for an
isothermal plasma and a two-temperature plasma (Ti = 1000K), re-
spectively. Squares denote the corresponding simulation data.
In Fig. 1, MD data are given for a two–temperature
plasma (open squares). In addition, simulations were per-
formed in which the temperature of the ions – by a rescal-
ing of the ion’s velocities at every time step – was forced
to be the same as that of the electrons (ﬁlled squares).
The simulation data as well as the analytic calculation
show an increase of the collision frequency with increasing
coupling. The agreement between the simulation and the
quantum statistical results is quite good in the region of
weak and moderate coupling (about Γ = 0.3). An impor-
tant result is the lowering of the collision frequency for a
two–temperature plasma with cold ions which is well con-
ﬁrmed by the MD–simulations.
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Figure 2: Heating rate of the electrons in a two-temperature hy-
drogen plasma vs. applied ﬁeld strength. The solid lines denote the
analytic results. The circles are MD–results.
Figure 2 shows simulation data of the heating of the
electrons as a function of the applied ﬁeld strength. These
data are compared with results from the analytic approach
for the corresponding two–temperature plasma where the
ion temperature was 1000 K. Calculations were performed
with diﬀerent assumptions for the velocity distribution
function: we considered Maxwellian as well as super–
Maxwellian distribution functions in order to take into
account the Langdon eﬀect [6]. There is a better agree-
ment with the simulation data in the case of the super–
Maxwellian. Direct calculation of the electron’s velocity
distribution from the molecular dynamics data also show
deviations from the Maxwellian form in dependence of the
ﬁeld [4].
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Isochoric heating of solid targets with laser produced proton beams
Anna Tauschwitz1, E. Brambrink2, J. A. Maruhn1, M. Roth3, T. Schlegel4, Andreas Tauschwitz4
1University of Frankfurt am Main, Germany
2LULI, Ecole Polytechnique, France
3Technical University Darmstadt, Germany
4Gesellschaft fu¨r Schwerionenforschung Darmstadt, Germany
Equation-of-state (EOS) studies of material in the
Warm Dense Matter regime is of the great importance
for astrophysics, geophysics, plasma physics and inertial
conﬁnement fusion research. Isochoric heating of matter
by intense particle beams is a fruitful approach for WDM
studies because in this case the thermodynamic state of
matter is well deﬁned by the target density and the total
deposited speciﬁc energy. However, it is diﬃcult to prepare
samples suitable for this kind of measurements due to the
stringent requirements to the driver. This problem can be
overcome by the use of laser produced proton beams. The
proton beam consist of a large number of particles, up to
1013, generated in a short time of < 1 ps and within a spot
of 10–50µm. Unfortunatelly the protons generated with
lasers show a large energy spread with a quasi-exponential
spectrum of up to 15-40MeV, depending on the laser en-
ergy. The low energy protons heat the target already in
the expansion phase due to the long time of ﬂight.
To chose the experimental conditions for proper EOS
measurements, the behavior of proton beam heated matter
was studied with the help of the two-dimensional hydrody-
namic code MULTI-2D. The code was modiﬁed to describe
non-monoenergetic beams. The energy change of the pro-
ton beam is fast on the hydrodynamic time scale of the
heated target. Therefore the proton beam was considered
as a group of mono-energetic beamlets within a hydrody-
namic timestep. The number of beamlets depends on the
cell size in the hydro calculation. The time scale of the
heating process depends on the distance between the laser
and the proton target.
The PHELIX laser at GSI with 500J energy, 1 ps pulse
length, and focus intensity Il = 1020 W/cm2 will be soon
available for experiments. In the performed calculations
the proton beam parameters for the PHELIX laser are
estimated from previous experiments [1]. The proton
beam will consist of 5 · 1012 protons per pulse having a
Boltzmann like energy distribution with a temperature of
Tp = 18MeV and a maximum energy of 40MeV. The en-
ergy dependence of the beam divergence angle and the
source spot size were also adopted from experimental data.
The beam heats a 20µm thick aluminum foil which is
placed 200µm away from the primary target, which emits
the protons. It is assumed that the highest energy protons
arrive at the secondary target at t = 0. Fig. 1 shows a
temperature distribution along the axis at the rear side
of the target at t = 12ps. At this time the protons
have an energy Ep  1MeV and are stopped in the tar-
get. It is seen that for the region near the rear surface
of the foil which is no longer heated by the protons the
condition of isochoric heating is satisﬁed. The tempera-
ture distribution is rather homogeneous in a 2µm thick
layer to be used for the EOS measurements. Further cal-
culations show, that the hydrodynamic expansion at the
rear surface of the foil starts around this time. Note, that
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Figure 1: Temperature along the target axis at t = 12ps.
Tp is varied according to diﬀerent laser intensities.
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Figure 2: Temperature vs target radius at L = 20µm for
diﬀerent times.
Tp depends on the laser intesity, Tp ∼
√
I l. The target
temperature proﬁles for proton beams with Tp = 10MeV
and 30MeV show that the laser intensity is not critial for
the achievable temperature. Fig. 2 shows the evolution of
the radial target temperature distribution at the rear side.
It is seen that an isentropic expansion following the iso-
choric heating will occur for the chosen 2µm thick layer in
a 1D-geometry, so that the measurement of the expansion
velocity provides the sound speed in the heated area.
It was demonstrated, that the proton beam can be fo-
cused using a spherical primary target [2]. Preliminary
simulations for this case show much higher temperatures
which are strongly dependent on the proton beam focus-
ing.
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Radiative transitions in laser-generated aluminum plasmas
H. B. Nersisyan, C. Toepﬀer, and G. Zwicknagel
Institut fu¨r Theoretische Physik II, Universita¨t Erlangen
We study the inﬂuence of plasmas on radiative transi-
tions used, for example, in the diagnostics of laser pro-
duced plasmas. Within this ﬁeld we are interested in
plasma conditions where analytic attempts based on stan-
dard approximations, like the impact and/or quasi static
approximation [1], are no longer valid. This is e.g. the
case for aluminum plasmas at solid state density and tem-
peratures of some hundred eV. To that end we solve the
time dependent Schro¨dinger equation i|Ψ˙〉 = H |Ψ〉 of a
hydrogen-like ion (radiator)
H =
p2
2m
− Ze
2
4πε0r
+ er ·E (t) . (1)
under the inﬂuence of the electric microﬁeld E(t) caused
by the moving charges in the plasma. The electric ﬁeld
E(t) itself is provided from classical MD simulations of
the surrounding plasma. Such study was previously done
within the model of a superposition of two one-component
plasmas either of ions or electrons [2]. In this case the inﬂu-
ence of the attractive interactions between plasma particles
is completely neglected. To improve on this we extended
our calculations by using the electric microﬁelds generated
by a classical two-component plasma with a regularized
electron-ion interaction Vei ∝ (1− e−r/δ)/r accounting for
quantum diﬀraction eﬀects at small distances.
In this contribution we focus on comparisons of our
simulations with experimental results. In the experi-
ment [3] an aluminum plasma was created at a temper-
ature of about 500 eV and an electron density of about
ne = 5×1023 cm−3. We have calculated the Lyα-line under
these conditions using the outlined simulation technique.
We ﬁrst discuss some results for the Lyα-line shape without
Doppler broadening and LS coupling as shown in Fig. 1.
On the right the thermal wavelength of the electrons was
chosen as the relevant length δ at which a smoothening of
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Figure 2: Comparison of the experimental line [3] (thick
solid line) with our simulation results, i.e. with the solid
and dashed curves from the left panel of Fig. 1) after tak-
ing into account the Doppler broadening, the LS-coupling,
the experimental resolution and a redshift (see text). The
experimental line is subtracted by the underground. Here
the curves are normalized to the peak intensity.
the ion-electron interaction due to quantum diﬀraction be-
comes eﬀective. In the left panel we take δ = 1.5aZ, where
aZ is the eﬀective Bohr radius of Al12+. The width of the
line now turns out to be highly sensitive to both the choice
of δ and the density ne, with a much stronger dependence
on ne for smaller δ. More precisely we observed that the
line width behave approximately as ∆ω ∼ (δ/ne)−1.
In Fig. 2 we compare our simulations with the experi-
mental data [3] after including Doppler broadening and LS
coupling, folding with the experimental resolution (0.9 eV,
FWHM) and shifting the position of the line by -2 eV. This
redshift is a result of the screening of the electron-nucleus
interaction by hot background electrons which is not yet
considered in our simulations. As we are dealing with an
optical thin aluminum layer self-absorption is not taken
into account. Our results show that the quantum mechan-
ics of close electron-ion collisions is important over and
above the plasma redshift. If the quantum diﬀraction pa-
rameter δ is ﬁxed at physically reasonable values near the
eﬀective Bohr radius aZ , our calculations favor a somewhat
larger density than n0 proposed in Ref. [3]. Clearly a more
quantum mechanical treatment of the electron component
in the plasmas is desirable. - This work is supported by
the BMBF (06ER128) and a GSI collaboration contract
(ER/TOE).
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Theory of X-Ray Thomson Scattering
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The scattering of photons in plasmas is an
important diagnostic tool. The region of warm
dense matter can be probed by x-ray Thomson
scattering. This requires intense x-ray sources,
such as the free electron laser (FEL) at DESY
Hamburg. We improve the standard treatment
of the scattering on free electrons within the
random phase approximation (RPA) by including
collisions. The dynamic collision frequency is
calculated in Born approximation and the dielec-
tric function at ﬁnite wavenumbers is obtained
by using the Mermin ansatz. The inclusion of
collisions modiﬁes the dynamic structure factor
signiﬁcantly in the warm dense matter regime.
Consequently, a theoretical description beyond
RPA is crucial to obtain reliable results for plasma
parameters using x-ray Thomson scattering.
Thomson scattering in plasmas has been studied for a
long time. Its cross section is directly related to the dy-
namic structure factor in the plasma according to
d2σ
dΩ dω
= σT
k1
k0
S(k, ω) , (1)
where σT is the usual Thomson cross section, k0 and k1 the
incident and scattered wave number. The contributions of
free, weakly bound, and tightly bound electrons to the
dynamic structure factor have to be taken into account
[1, 2, 3]. Tightly bound electrons follow the ion motion and
yield elastic x-ray photon scattering. Weakly bound and
free electrons give Compton-down shifted x-ray photons
where, in addition, free electrons impose a distribution on
the scattering signal according to the plasma temperature
and density [4]. This information has to be resolved by an
appropriate evaluation of the dynamic structure factor
S(k, ω) = |fI(k) + q(k)|2Sii(k, ω) + ZfS0ee(k, ω)
+ Zc
∫
S˜ce(k, ω − ω′)SS(k, ω′)dω′ . (2)
The dynamic structure factor and the dielectric function
of free electrons on which we focus, are related via the
ﬂuctuation-dissipation theorem
S0ee(k, ω) = −
0h¯k
2
πe2ne
Im −1(k, ω)
1− exp (−h¯ω/kBTe) . (3)
The dielectric function is usually treated within the
RPA. Improvements by inclusion of collisions can be de-
rived from the Mermin formula [5]. We calculate the dy-
namic collision frequency in Born approximation [6] and
insert these results into the generalized Mermin dielectric
function [7]. Results for the dynamic structure factor are
shown in Fig. 1 for an electron gas at a density of 1021cm−3
and diﬀerent temperatures in comparison with the RPA
result. We have chosen x-ray photons of 4.13 nm wave-
length and a scattering angle of 60◦. Details of the theo-
retical approach and results for other plasma parameters
are published elsewhere [8].
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Figure 1: S(k, ω) for plasmas with a density of 1021cm−3
and temperatures of 0.5 eV (1), 2.0 eV (2) and 8.0 eV (3).
Full lines: collisions included via Mermin; dotted lines:
RPA (collisions neglected).
The inﬂuence of collisions is important in this strongly
coupled, weakly degenerate region. Collisions broaden the
structure factor and shift the position of the peak to higher
energies. This domain is relevant in particular for fu-
ture Thomson scattering experiments at the VUV-FEL
at DESY Hamburg, which are planned by the Virtual
Institute Plasma Physics Research using FEL Radiation
DESY-Rostock-Jena.
Improved approximations for the collision frequency be-
yond the Born approximation are necessary to increase the
accuracy of the plasma parameters inferred from Thom-
son scattering experiments. Strong collisions and dynamic
screening can be considered via the Gould-DeWitt scheme
[9] in the evaluation of the dynamic collision frequency. For
a complete description of Thomson scattering, the contri-
butions of ions and bound states have to be considered as
well. This is the aim of future eﬀorts.
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Collective Modes and Energy Transfer in Two-Temperature-Plasmas
J. Vorberger and D.O. Gericke
Institut fu¨r Physik, Ernst–Moritz–Arndt Universita¨t Greifswald, Domstraße 10a, 17487 Greifswald, Germany
Electron-ion collisions are one of the main processes that
drive the relaxation towards equilibrium. Most theoreti-
cal approaches of the connected energy transfer consider
only independent binary collisions (see, e.g., Refs. [1-3]);
collective excitations are neglected. Although decoupled
electron-ion modes have only small eﬀects [4], Dharma-
wardana & Perrot found strongly reduced energy transfer
rates if coupled modes are considered [5]. The inﬂuence of
such coupled modes is here studied on the well-understood
level of the random phase approximation (RPA).
Coupled Collective Modes – The collective behaviour of
weakly coupled electron-ion systems is described by the
retarded dielectric function in RPA [6]
ε(p, ω) = 1+
∑
a=e,i
[
εa(p, ω)−1
]
= 1+
∑
a=e,i
Vaa(p)χ0aa(p, ω) ,
(1)
where the free density response function χ0aa is given by
χ0aa(p, ω) =
∫
dp
(2πh¯)3
fa(p+ p)− fa(p)
h¯ω + Ea(p)−Ea(p+p) + i , (2)
and V (p) is the Coulomb potential in Fourier space.
The spectrum of the collective excitations (pronounced
peaks in the imaginary part of ε−1(ω)) is determined by
the roots of the real part of the dielectric function (1).
Although electrons and ions are treated equally, the large
mass ratio produces an asymmetric excitation spectrum:
electron plasmon and ion acoustic modes [6]. It is well
known that ion acoustic modes only exists for TiTe [7].
A more detailed analysis shows that they occur for
Ti < 0.27 Te or Ti < 0.27 TF . (3)
The left panel of Fig. 1 demonstrates how a minimum
in the real part of the dielectric function ε′(ω) evolves at
small frequencies with decreasing ion temperatures. For a
certain ion temperature, ε′(ω) becomes negative and the
ion acoustic mode appears. The full mode spectrum is
plotted in the right panel. Clearly, the ion plasmon mode
of a one component ion system becomes an ion acoustic
mode in the interacting electron-ion plasma, whereas the
electron plasma mode is almost unaﬀected.
0.0 0.0005 0.001
[ryd]
-10
-5
0
5
10
15
(k,
)
Ti = 1 10
4 K
Ti = 3 10
4 K
Ti = 6 10
4 K
10-3 2 5 10-2 2
k [1/aB]
10-3
2
5
10-2
2
5
10-1
2
5
100
2
[
ple
]
Te = 1 10
5 K
ne = 10
20
cm
-3
plasmon modes
ion plasmons (isolated ions)
elec
tron
aco
ustic
mo
des
only
ion a
cou
stic
mo
des!screening!
Figure 1: Real part of the dielectric function (left panel) and
excitation spectrum (right) for a fully ionized hydrogen plasma.
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Energy Transfer Rates – Dharma-wardana & Perrot
derived an expression for the energy transfer rate that con-
siders the eﬀect of coupled collective modes [5]
Zei = 4
∫
dω
2π
dp
(2πh¯)3
h¯ω ∆Nei V 2ei(p)χ
′′
ee(p, ω)χ
′′
ii(p, ω)
|1− V 2ei(p)χee(p, ω)χbb(p, ω)|2
.
(4)
Here, ∆Nei=neB(ω)− niB(ω) is the diﬀerence of the mode
occupation (given by Bose functions) and the double prime
denotes the imaginary part. The numerical evaluation of
the expression (4) is very diﬃcult since the RPA density
response functions χ′′aa and the denominator exhibit sharp
peaks. However, Eq. (4) can be rewritten in the form
Zei = 4
∫
dω
2π
dp
(2πh¯)3
h¯ω ∆Nei ε′′e (p, ω) ε
′′
i (p, ω)
|ε(p, ω)|2 . (5)
This expression allows a much easier evaluation since here
only the roots of the denominator create peaks. It can be
further shown that these peaks are limited in hight
ε′′e (p, ω) ε
′′
i (p, ω)
|ε(p, ω)|2
ε′=0−→ ε
′′
e (p, ω) ε
′′
i (p, ω)
|ε′′e (p, ω) + ε′′i (p, ω)|2
< 1 (6)
and can therefore be integrated by standard techniques.
A comparison of the energy transfer rates (4) with other
theoretical results is shown in Fig. 2. It is demonstrated
that even in the RPA limit and for high electron tempera-
tures, the consideration of coupled modes strongly reduces
the energy transfer; compared to the Fermi-Golden-Rule
approach, up to a factor of three was found. This be-
haviour is only due to the diﬀerent description of collective
excitation (decoupled versus coupled electron-ion modes;
see Fig. 1 for the diﬀerent shape of the excitation energies).
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Relaxation of Dense, Reacting Two-Temperature-Plasmas
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The driver energy in many dense plasma experiments is
almost exclusively coupled into one species and, thus, a
two-temperature plasma is created after a short relaxation.
Beam particles or ﬁeld ionization can also create a nonequi-
librium charge state distribution. Although ionization ki-
netics and temperature equilibration usually occur on sep-
arated time scales (for solid density ≈ 100 fs and ≈ 10 ps,
respectively), they do inﬂuence each other. This coupled
relaxation is investigated here for nonideal plasmas.
In contrast to Ref. [1], where kinetic equations are used,
we directly start from the well-known internal energy den-
sity for weakly nonideal systems
E =
∑
i
3
2
nikBTi+
∑
i
ni∆i +
3
2
nekBTe +ne∆e +Eboundtot .
(1)
The last term denotes the energy per volume that is re-
quired to fully ionize the plasma. The nonideality cor-
rections (second/fourth term) are treated here in lowest
order, i.e., by a Debye shift: ∆a=Z2aκee
2/2.
We now assume a common temperature Th for all heavy
particles and split the internal energy (1) into an atom/ion
(ﬁrst two terms) and an electron contribution (last three
terms). The redistribution of energy between these two
subsystems is given by the energy transfer rates Zei. Thus,
we can derive explicit equations for the electron and ion
temperatures from Eq. (1)
T˙h = − ∆e3nkB
Z∑
i=1
i2ni
(
n˙e
ne
− T˙e
Te
+ 2
n˙i
ni
)
− 2
3nkB
Zei ,
T˙e =
[
3
2
nekB − ∆e2
ne
Te
]−1
×
⎧⎨
⎩
Z∑
i=1
(
3
2
kBTe −Ei + 3∆e2
) i−1∑
j=0
n˙j + Zei
⎫⎬
⎭ , (2)
where Ei is the energy needed to ionize an isolated ion
from the (i−1)th to the ith ionization stage.
The Eqs. (2) have to be self-consistently solved with
a system of rate equations for the density population (cf.
Ref. [1]). The ideal part of the rate coeﬃcients is calculated
according to Seaton [5]. On the level of the internal energy
(1), the ionization rate also includes a nonideality correc-
tion: α = αid×exp(Ziκee2/kBTe) [6]. The energy trans-
fer rates Zei are calculated with the easy-to-use Landau–
Spitzer approach [2, 3], where the applied Coulomb loga-
rithm considers hyperbolic electron trajectories to ensure
the applicability for nonideal plasmas [4].
Results for the coupled density-temperature relaxation
in a nonideal beryllium plasma are shown in the ﬁgure.
Clearly, the relaxation is dominated by recombination in
the ﬁrst 100 fs: the release of binding energy increases the
electron temperature while the ion temperature drops due
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Figure 1: Coupled density-temperature relaxation in a Be-
plasma with a total ion density of n=5×1022 cm−3. The initial
temperatures are Te(0)=4×105 K and Th(0)=2×105 K.
to the decrease of correlation energy. Afterwards the ioni-
zation degree is almost in equilibrium with the electron
temperature. This behavior motivates an ansatz, where
the plasma composition is treated quasi-stationary, i.e.,
n˙a =
∂na
∂Te
T˙e . (3)
Since the plasma composition is considered to be in equi-
librium with the (time-dependent) electron temperature,
the ﬁrst term on the r.h.s. in Eq. 3 can be calculated from
a Saha-type equation. In this way, the numerical eﬀort
is considerably reduced. Obviously, the quasi-stationary
approach cannot describe the relaxation in the ﬁrst phase,
but both the charge state distribution and the temperature
evolution are well described in the second phase. The ideal
calculation, on the other hand, predicts too low ionization
degrees and too high temperatures for the entire time.
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Two-stream instability is a basic plasma phenomenon and
has been investigated for many decades. Beam-plasma re-
lated instabilities, such as filamentation instability, recently
undergone a renewed interest due to the Fast Ignition Sce-
nario for Inertial Fusion in which a laser generated relativis-
tic electron beam is to ignite to pre-compressed DT core of 
the target. In this regard, a systematic effort has been con-
ducted to study beam-plasma instabilities all over the Fou-
rier space and find the most unstable modes of the system.
Various features have been unraveled so far such as the 
existence of a most unstable mode for a wave vector making
an oblique angle with the beam [1] as well as the fact that
the mode which is usually held responsible for beam fila-
mentation may not be the correct one [2].
As far as beam or plasma temperatures are concerned, it can
be proved that the maximum growth rate is found for a wave
vector away from the main axis as soon as the beam is rela-
tivistic [3], even within a cold fluid model. Still, an investi-
gation of temperatures effects on these oblique modes shows
a number of interesting effects.
1) Normal temperatures, whether it be beam or plasma ones,
prompt a critical angle in the k space in which waves are 
unstable at high k. Additionally, the critical angle separates
in two when plasma parallel temperature is accounted for, as 
evidenced on Figures 1. Waves are quasi longitudinal for 
wave vectors located below the smallest critical angle and
transverse beam temperature damp instabilities for wave
vectors located beyond.
2) Plasma parallel temperature can play a very interesting
role in turning the plasma Weibel unstable. The Weibel
instability does not come from the interaction with the beam
but from a strong plasma temperature anisotropy. Weibel
modes are purely transverse and normal to the high tempera-
ture direction. When the plasma is too hot in the normal
direction, Weibel modes appear on another branch of the
dispersion equation [1]. But when the plasma is too hot in
the parallel direction, Weibel modes appear on the very
same branch than two-stream and filamentation instabilities,
and thus for wave vectors normal to the beam.
As long as plasma parallel temperature is low enough (Fig
1.a), the filamentation instability remains beam dependant
and can be suppressed by transverse beam temperature. But
when parallel temperature exceed a given threshold, the 
plasma turns Weibel unstable for wave vectors normal to the
beam (Fig 1.b) so that filamentation instability enters a 
Weibel regime where it is disconnected from the beam.
Once in this regime, its growth rate is independent of the
beam density and transverse beam temperature can no 
longer suppress it. 
This work has been partially achieved under project
FTN2003-00721 of the Spanish Ministerio de Educacion y 
Ciencia.
Fig. 1: Growth rate for wave vectors orientations ranging from
parallel to normal. The beam goes along the z axis. The reduced
wave vector Z is kVb/Zp. Parameters are nb/np = 0.05, Jb = 4 
and Tb = 10 keV for both plots. The plasma is isotropic in (a)
with Tp = 10 keV. In (b), Tp,perp = 1 keV and Tp// = 15 keV.
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Instabilities in elastic accelerated solids
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When a solid plate is accelerated by an external
pressure 0p an instability similar to the Rayleigh-Taylor one
appears if the plate is not perfectly flat. Due to the
elastoplastic properties of the material the growth of the
instability is lower than in a pure fluid case. In a very simple
interpretation, the pressure difference across the irregular
surface provokes the instability that can be stabilized by the
elastic force of the body. Then, if the elastic regime is
exceeded, the material begins to flow plastically and
becomes unstable but the development of the instability is
smoother than in the ideal situation. So it is important to
determine which values of the elastic properties can produce
this stabilizing mechanism.
One of the most accepted approaches to treat the
instability of accelerated elastic solids is to make a
correspondence between the viscosity µ and the elastic shear
modulus G, through nG /=µ assuming a factor nte for all
quantities [1]. Other approach assumes an isothermal,
isotropic and hyperelastic material [2]. According to the later
one, the growth rate n depends on the value of Gp0 , which
is not reflected by the first approach. However, in the limit
of small wavelengths compared to the thickness of the
plate kh , both approaches predict the same critical
wavelength given by:

h
G
p 40
=                                                                 (1)
On the contrary, in the first approach mentioned [1]
the temporal evolution of the perturbation ( )t is
exponential:
( ) ntet 0 =                                                               (2)
while in the second approach [2] it is given by the next
equation:
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where the sum is extended over the infinite growth rates
predicted by this model. The values of B, C and D, depend
on k, g, G, , h and n and can be found in Reference [2].
If we represent ( )t for a stable situation ( ig. 1) we
can see that both solutions are oscillatory, but the mean
value and the amplitude given by equation (3) are much
higher than the initial perturbation 0 .
We have performed some numerical simulations with
the explicit version of the A A US finite element code. The
numerical model we have used is described in detail in
Reference [3]. The material counterpart of the model is
composed by a volumetric part, which is defined by a Mie-
Grüneisen equation of state and a perfectly elastoplastic
model for the deviatoric part, defined by the shear modulus
G and the yield stress Y. We have selected a shear modulus
that leads to a stable pattern according to equation (1).
To accelerate the plate we apply an external pressure
at the perturbed surface that takes some time dt to reach the
maximum value 0p . We have found that, for a pure elastic
calculation ( =Y ) the mean value is independent of the
rise time dt and that it is very close to the mean value
predicted by the approach of Reference [2]. However, the
amplitude of the oscillation depends on dt as it is shown in
ig. 2. So if we take into account the plastic part of the
model, we can find a very different behaviour with the same
material parameters in function of the rise time. This fact is
clearly shown in ig. 2. With the short dt the material is
unstable while with the long dt is stable. The explanation is
that the higher oscillations produce plastification of the
material, which leads to an unstable behaviour.
Fig. 1 Analytical solution for )(t
Fig. 2  Numerical solution for )(t
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Our neighboring star the sun provides a deep insight into
the physics of fusion, the physics of hot plasmas and is an
excellent laboratory for astroparticle physics. As such the
sun can be used to probe the existence of novel particles
and dark matter candidates like the axion. The axion is a
direct consequence (Weinberg, 1978; Wilczek, 1978) of the
theoretical solution of the CP problem in strong interac-
tions proposed by Peccei & Quinn (1977). Inside the core
of the sun axions could be produced by coherent conver-
sion of thermal photons interacting with the electromag-
netic ﬁeld of charged particles of the solar plasma (Pri-
makoﬀ eﬀect). With the CAST experiment at CERN, we
Figure 1: Physical principle of the CAST experiment
(Zioutas et al., 2004b).
aim to detect such solar axions on earth by “converting”
them back to X-ray photons inside a strong transversal
magnetic ﬁeld (inverse Primakoﬀ eﬀect, see Fig. 1). The
conversion probability of axions to photons is proportional
to the square of the strength of the magnetic ﬁeld and its
length. Thus, a strong magnetic ﬁeld is essential to achieve
a high sensitivity of the experiment.
The heart of CAST is a prototype LHC superconduct-
ing magnet providing a dipole magnetic ﬁeld of ≈ 9T in
the interior of two parallel pipes over a distance of 9.26m.
On both ends of the magnet X-ray detectors are looking
for a potential axion signal as an excess signal over de-
tector background. A TPC detector covers two magnet
bores on one end looking for axions during sunset. On the
opposite side of the magnet, a micro mesh gas detector
(Andriamonje et al., 2004) and an X-ray telescope with a
pn-CCD detector are looking for axions at sunrise (Kuster
et al., 2004). The magnet can be pointed towards the sun
for about 1.5 h during sunrise and sunset, resulting in 3 h
observation time per day. The remaining time is used for
systematic background studies. The most sensitive detec-
tor system of CAST is the Wolter I type X-ray telescope
which enhances the signal-to-background ratio by a factor
of ≈ 100 by concentrating the potential signal ﬂux on a
small spot on the pn-CCD detector.
During the last two years CAST was taking data for
about twelve months, six months during 2003 and dur-
ing 2004. The analysis of the 2003 data reveals no sig-
niﬁcant excess signal over background and allows us to
set a new upper limit on the axion to photon coupling of
gaγγ(95%) < 1.16 × 10−10 GeV−1 (Zioutas et al., 2004a).
Fig. 2 shows the corresponding combined upper limit of
all three detector systems derived from the analysis of the
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Figure 2: Upper limit (95%) of the axion to photon cou-
pling gaγγ depending on the axion mass ma derived from
the data of 2003. The shaded area represents the parame-
ter range of theoretical axion models. The results of earlier
experiments SOLAX, COSME, DAMA, and the Tokyo he-
lioscope are shown for comparison (Zioutas et al., 2004a).
The best astrophysical limit based on evolutionary models
of horizontal branch stars in globular clusters is indicated
as “Globular Cluster”.
2003 data. The analysis of the 2004 data is still in progress
and will further improve the upper limit, such that we can
surpass the best astrophysical limits in the CAST axion
sensitive mass range (ma < 0.02 eV, see Fig. 2). Due to
coherence eﬀects, the CAST helioscope in its current con-
ﬁguration is sensitive for axions with masses ma < 0.02 eV.
To extend the sensitivity to ma < 1.2 eV the refractive in-
dex of the conversion volume has to be changed. Then,
the photon acquires an eﬀective mass (mγ = ma) and the
momentum exchange during the Primakoﬀ eﬀect becomes
negligible. This is forseen for the second phase of CAST
starting mid of 2005, by ﬁlling the magnet pipes with an
adequate buﬀer gas like 3He or 4He.
References
Andriamonje, S., et al., 2004, Nucl. Instrum. Methods
Phys. Res., Sect. A, 518, 252
Kuster, M., et al., 2004, in Gravitational Wave and Parti-
cle Astrophysics Detectors, ed. J. Hough, G. H. Sanders,
(Bellingham, WA: SPIE)
Peccei, R. D., & Quinn, H. R., 1977, Phys. Rev. Lett., 38,
1440
Weinberg, S., 1978, Phys. Rev. Lett., 40, 223
Wilczek, F., 1978, Phys. Rev. Lett., 40, 279
Zioutas, K., et al., 2004a, Phys. Rev. Lett., submitted
Zioutas, K., Hoﬀmann, D., Dennerl, K., & Papaevangelou,
T., 2004b, Science, 306, 1485
HW-01
51
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The LAPLAS experiments planned at the future SIS-100
accelerator at GSI use cylindrical targets which consist of a
core of frozen hydrogen, surrounded by a tamper shell of a
heavy material like gold or lead. Cryogenic targets cannot be
stored, therefore they have to be produced online during the
experiment. The duration of the production process has to be
shorter than the time between the single experimental shots,
which is 10–30 minutes. The targets have to be homogeneous
and have to be guided from the production vessel into the
target chamber where they are placed on a cryogenic cold
head. The technique can be adapted employing the existing
expertise at the Lebedev Institute, Moscow for spherical
cryogenic IFE-targets which are produced using the Free
Standing Technology (FST). The FST includes the following
stages:
x Filling of 5–25 targets (1–3 mm diameter) with gas (H2,
D2) at pressures of 90–1000 atm at 300 K in a ﬁlling
container [1].
x Cooling the ﬁlling container with the targets down to 40
K, the starting temperature for layering (below 15 K no
uniform layers freeze out)[2].
x Freezing out the gas, the so-called layering. This is done 
in a layering channel consisting of a steel tube with 3mm
diameter and a length of about 1.5 m coiled up around a
copper cylinder cooled with liquid helium, while the
spheres roll down the channel due to the contact to the
cold channel walls the gas freezes out.
x The rotation of the shells during rolling down the layering
channel causes a symmetrization of the formed layer, 
increasing its homogeneity, typical layer thickness is 30–
100 µm at layering times around 4–10 s depending on the
geometry of the layering channel [1, 3].
x Alternatively layering with longer unlimited layering
times can be done in a rotation and bouncing cell (R&B-
cell) [4]. 
x Characterizing of the target parameters by tomographic
methods, CCD cameras [2] or Fourier Holography [4].
The expertise from the FST provides the basis for the
techniques that will be applied for the future cryogenic target-
system at GSI, for the target dimensions are in the same order
of magnitude. There are of course differences to the FST-
scenario. The layering time can be much longer. The FST-
scenario is made for a repetition rate of 0.1 Hz demanding a
layering time  10 s. The much thicker tamper shell of gold or 
lead in the LAPLAS-targets compared to the polysteren shells
in FST and freezing out the whole cylindrical gas core demand
longer layering times, which are given in the LAPLAS-
experiments with repetition rates of 10–30 minutes. Also the
cylindrical geometry allows no rolling and rotating contact
cooling along a coiled layering channel. A rotating motion of
the cylindrical target down a layering channel of a series of
connected V-shaped ﬂat but broad tubes cooled with liquid
helium may have the same effect. If layering times will be so
long, that the layering channel dimensions would become too
spacious, freezing out the gas in a modiﬁed R&B-cell would
be an alternative. No injection system like in the FST reactor-
based scenario is needed, gravitation can place the targets on 
the cryogenic cold head after passing the layering channel. A 
scheme of the FST target preparation setup which can be
modified for the LAPLAS targets production is shown in
figure 1. 
Fig. 1:  Scheme of the cryogenic target preparation setup
It can be concluded therefore that the experience with the
Free Standing Technology and existing expertise with
cryogenic targets at the Lebedev Institute will be applicable
and adaptable to the cryogenic target preparation system
needed for the LAPLAS-experiments at the SIS-100. 
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Simulation of laser-driven x-ray backlighter 
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One of applications proposed for PHELIX is ignition of 
hot laser sparks for x-ray shadowgraphy and K-shell absorp-
tion spectroscopy of heavy-ion-beam targets [1]. In 2004 we
started numerical simulation and optimization of laser-
driven x-ray backlighter. An emphasis of this study is on 
efficiency of conversion of the laser pulse energy into hard
x-rays. Here we present the computational tools and first 
results.
The simulation is performed in two steps. First, the laser-
foil interaction is simulated by MULTI-FS two-temperature
Lagrangian 1D hydrodynamic model with multi-group ra-
diation transport [2], improved. Next, for each Lagrangian
cell, solution of  hydrodynamic equations is post-processed
by atomic kinetics code [3], which gives a distribution of
ions over quantum states. Plasma density effects (continuum
lowering, collectivization of bound states, etc.) are treated in 
the effective-statistical-weights approach [4].  In the atomic
kinetics model, the cells interact due to radiation, which is 
determined as a multi-layer solution of the radiative transfer
equation on a fine spectral grid. Spectral line shapes are
affected by the Doppler broadening, cell-to-cell Doppler
shifts caused by the plasma flow, and dynamic Stark effect.
Besides the internal radiation field we simulate spectral
intensity of radiation outgoing the spark in various directi-
ons. This allows to choose an optimal direction for installa-
tion of x-ray monochromator. Fi
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The simulation showed that x-rays originate from narrow
plasma layer where the density is not yet low while the tem-
perature is already high. Thickness of this layer is 50 µm in
the peak power. Laser light can penetrate into much denser
plasma (therefore, heat much denser plasma) if the second
harmonics of the laser is used. The increase in density is by 
a factor of 4 for electrons and even more for ions, because
denser plasma is colder and less ionized. We predict that a
laser spark generated by shorter-Ȝ laser will be much
brighter in x-rays, especially in the hard continuum.
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Fig. 1:  The laser spark radiation power.
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In the simulation shown in Figs.1 and 2, the laser pulse is
focused on the 20-µm-thick aluminum foil. The laser wave-
length is 1.06 µm, the pulse has a smooth sin
2
(ʌtns/2ns) shape 
of 1 ns FWHM and peak intensity of 100 TW/cm
2
 on the
focal spot of 1 mm diameter. Fig.1 shows the laser spark
radiation power emitted at 10
o
 with respect to the spark axis.
Peak x-ray power is 10% of the total radiation power; 16%
of the x-rays belong to Lyman-Į line. The x-ray power is 
high while the spark is fed by the laser. After the laser pulse,
the radiation power goes down qickly, therefore a  backligh-
ter, driven by a sub-ns laser, provides temporal resolution of
1 ns with no shutter.
Fig. 2 shows the laser spark radiation yield at 10
o
 with 
respect to the spark axis. The total yield is 28 J/sr. The x-ray
yield is 8% of the total. The highest yield is observed in the
0.2 – 0.5 keV domain. One can see that spectral lines of Li-
like ions are stronger than the x-ray lines. Lines emitted by
lower (than Li-like) ionization stages are weak. Analysis 
shows that in inner plasma layers these lines are much
stronger than at the outer plasma boundary; however, their
intensity decreases significantly along the line of sight,
mainly due to photo-ionization of excited ions.
     Small thickness of the x-ray-emitting layer together with
small distance between this layer and initial location of the 
foil justify 1-D approach to the problem.
Alternatively to laser sparks, a 1-2 MA z-pinch may be 
used for x-ray backlighting heavy-ion-beam targets. Table-
top z-pinches of MA class are reliable, easy-to-use devices
that give x-ray power on GW/sr level in pulses of 8-15 ns
duration.
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We consider a metal target heated by an ultrashort laser
pulse to electron temperatures Te = 0.5 − 50 eV, on the
stage before a signiﬁcant expansion of the surface layers
takes place. Duration of that stage is usually 102-103 fs,
and the ion temperature Ti remains much lower than Te
[1]. At Te  1 eV one ﬁnds Te << min (TF , Eb), where
TF is Fermi temperature and Eb is the shallowest core
state binding energy. In that case, optical and transport
properties are governed by quasielectron dynamics in the
conductivity band, and metallic properties of the target
are not aﬀected. On the other hand, for Te  10 − 30
eV the conductivity electrons are not degenerate and a
fs-scale ionization of shallow core states is taking place,
as the typical values for TF and Eb are 7 − 12 eV and
10 − 100 eV, respectively. Under these conditions the
transport is governed by pair electron-ion (ei) collisions
and the ionization-stage composition, and the system ex-
hibits strongly-coupled-plasma (SCP) behavior. A proper
description of the gradual transition from metallic to SCP
properties is therefore required.
We use the two-temperature model [2] to describe
ultrashort-pulse laser interaction with a target. Transi-
tion from metallic to SCP properties aﬀects the ei coupling
coeﬃcient g and the electron longitudinal momentum re-
laxation rate ν. The former enters the model explicitly;
the latter enters the expressions for electron heat conduc-
tivity and for dielectric permittivity [3]. At Te  1 eV in
metal the electron-electron (ee) Umklapp collisions dom-
inate, ν ≈ νee ∼ T 2e . In plasma, ν ≈ νei ∼ Z2i /T 3/2e .
Thus, ν is maximal in the vicinity of metal-SCP transition,
Te ∼ 10 eV ≈ TF . Resistivity saturation limits the mini-
mal electron mean free path (emfp) to interatomic distance
a [4], so ν can not exceed ue/a, where ue is typical velocity
of a conductivity electron. Due to resistivity saturation, ν
is continuous in the metal-SCP transition domain, unless
the transition occurs at T 2e << T
2
F .
Unlike ν, ei coupling coeﬃcient g has an order-of-
magnitude jump at the metal-SCP transition. As an ex-
ample, g values for Al and Cu are given in Table 1. g
values for SCP (Braginsky gpl (Te) or maximal-collision-
frequency gmax (Te) ) at Te ≈ TF are much larger than
metal g = gmet values. The latter are found using method
of Ref. [5], without the assumption Te << TF of course,
using more realistic models for phonon spectrum and for
phonon emission / absorption matrix element, as described
in [3]. Here, g is given in units of [ erg / cm3 K s ].
Table 1.
element gmet gpl (10 eV) gmax (10 eV)
Al 3.8× 1018 2.8× 1019 2.7× 1019
Cu 6.1× 1017 1.8× 1019 2.0× 1019
There are 3 mechanisms for isochoric transition from
metal to SCP: ultrafast melting, charge disorder, and elec-
tron wavefunction envelope compression.
(i) Ultrafast melting. Suﬃcient (Lindemann) shift of an
ion from its equilibrium location occurs on the time scale
of one or few phonon periods, 102-103 fs. It is important to
account for a nontrivial link between melting and metal-
SCP transition. Indeed, room-pressure isobaric equilib-
rium metal melting does not destroy near order and thus
produces only a modest increase in ν across the melt-
ing point; relation ν  ue/a thus remains valid. Laser-
induced ultrafast isochoric melting, on the other hand, oc-
curs at higher ion temperatures and may have a stronger
eﬀect on the near order, eliciting stronger increase in ν and
g. Still, a metal-SCP transition can not be produced by
melting alone, but rather by a joint action of all 3 mecha-
nisms.
(ii) Charge disorder [6]. Ionization of localized core states
(in simple metals) or localization of d-band states (in no-
ble metals) with increasing Te produce ions in a variety
of ionization stages occupying individual lattice sites, at
random. Lattice translational symmetry is thus lost even
though the geometric ion ordering persists. At comparable
abundances of two or more diﬀerent ionization stages, the
loss of near order is complete. Impact ionization events
occur on a sub-fs scale; however, charge disorder emerges
only when the abundance of the next ionization stage be-
comes signiﬁcant ( 1%), which is reached in ∼ 1 − 10 fs
depending on ionization rate.
(iii) Reduction in emfp due to the increasing ee collision
rate. The emfp (and with it a typical electron wave-packet
envelope size L) can become as small as a, thus destroy-
ing Bloch state structure. For ν this leads to resistivity
saturation. The question whether g increases as L ap-
proaches a remains open. Time scale for this eﬀect is given
by a/ue ∼ 0.1 fs.
It is crucial to distinguish between individual electron
momentum relaxation rate ν1 and the electron ﬂuid mo-
mentum relaxation rate ν. All ee collisions enter the for-
mer, but only Umklapp ee collisions enter the latter. Umk-
lapp ee collisions are abundant in metal, but die out as
Bloch state structure fails due to charge disorder and/or
L reduction. The reduction in L is produced by all ee and
ei collisions, so it is not aﬀected by Umklapp disappear-
ance. The transport properties of the medium, however,
are governed by the electron ﬂuid momentum relaxation
rate. Thus they are aﬀected, in two ways. The ﬁrst is
the increase in ei collision frequency from νeph to Spitzer
νei, and the second is the decrease in Umklapp ee collision
frequency per se. As a result, in the minimal conductivity
regime ν ≈ νei ≈ ue/a (and not ue/aZ1/3i , where Zi is
the average number of conductivity electrons per ion).
Metal-SCP transition is governed by continuous param-
eters (root-mean-square ion shift, higher ionization stage
abundance, wavepacket span). Thus, it produces a steep
but continuous increase (“jump“) in g, as a function of
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Figure 1: Cu melting times.
time, in the target material. Detection of transition
from metallic to SCP properties in IR or visible range
laser-metal interaction is based on observation of ion
heating and of ultrafast melting. Ti(t) is quite sensitive
to g increase. Fig 1 shows melting times in Cu predicted
with (two lower curves) and without (two upper curves)
an account for charge-disorder g increase, for 400 nm 50
fs laser pulse irradiation. Lower curves of ﬁg. 1 were
obtained under a conservative assumption that g increase
starts at Te = 5 eV, and g reaches gpl at Te = 10 eV. A
detailed comparison of tunneling time (evaluated using
Inferno model [7]) with electron ballistic times suggests
an onset of charge disorder in Cu at Te as low as 1− 2 eV
[8]. Thus, utilizing the similarity in band structures of Cu
and Au, experimentally observed increase in g for Au at
Te ≈ 1 eV [9] can be explained by a charge disorder onset.
For an ultrashort VUV FEL laser pulse interaction
with metal the charge disorder may be produced directly
by photoionization of localized core states. When the
photon energy is close to the threshold, most of the laser
energy will be absorbed in photoionization events and free
electron gas will remain relatively cold for a few fs (until
heating by 3-body recombination, i.e. by Auger eﬀect
with conductivity-band electrons, will transfer energy
from core-state holes to conductivity electrons). This
unique regime makes it possible to attain charge disorder
for T 2e << T
2
F and to produce a jump in ν as well as in g.
A jump in ν can be detected by an optical probe.
Authors thank S.I.Anisimov, S.Eliezer, S.N.Gordienko,
D.H.H.Hoﬀmann, N.A.Inogamov, A.Krenz, J.Meyer-ter-
Vehn, and T.Schlegel.
References
[1] S.Eliezer The Interaction of High-Power Lasers With
Plasmas, IoP Publ., Bristol, UK, 2002.
[2] S.I.Anisimov, B.L.Kapeliovich, T.L.Perel’man, Sov.
Phys.-JETP 39, 375-377 (1974).
[3] D.Fisher, M.Fraenkel, Z.Henis, E.Moshe, S.Eliezer,
Phys. Rev. E 65, 016409 1-8 (2002).
[4] N.F.Mott Metal-Insulator Transitions, 2nd ed.,
Taylor-Francis Ltd., London, UK, 1990.
[5] M.I.Kaganov, I.M.Lifshitz, L.V.Tanatarov, Sov.
Phys. JETP 4, 173-178 (1957).
[6] D. Fisher, M. Fraenkel, Z. Zinamon, Z. Henis, E.
Moshe, Y. Horovitz, E. Luzon, S. Maman, S.Eliezer, in
ECLIM-XXVIII proceedings, Rome, 2004; to appear in
Laser Part. Beams.
[7] D.A.Liberman, Phys. Rev. B 20, 4981-4989 (1979).
[8] D. Fisher, M. Fraenkel, Z. Zinamon, Z. Henis, E.
Luzon, E. Moshe, Y. Horovitz, S.Eliezer, to be submitted
to Phys Rev E.
[9] X.Y.Wang, D.M.Riﬀe, Y.-S.Lee, M.C.Downer, Phys.
Rev. B 50, 8016-8019 (1994).
HW-04
55
Acceleration of Relativistic Electron Beams in Intense Laser
Interaction with Foil Plasmas*
M.M. Skoric 1, Li Baiwen 2,3, S. Ishiguro 2, Lj. Hadzievski 1 and T. Sato 4
1
Vinca Institute, Serbia and Montenegro;
2
National Institute for Fusion Science - GUAS, Japan
3
 Institute for Applied Physics and Computational Mechanics, P.R. China;
4
 Earth Simulator, Japan
Large effort has been put by theory, simulations and ex-
periments to study laser-plasma's produced high-quality
energetic particle beams; due to their potential applications;
in fast ignition in ICF, laser induced nuclear reactions, radi-
ography, etc.. Various methods of acceleration, such as,
laser wakefield, self-modulated wakefield, beat-wave and 
more recently, ultra "bubble" scheme, were proposed in an
attempt to bring particles to ultra-high energies (e.g. see [1]).
In this work, electron acceleration to relativistic energies
by a strong laser interacting with an underdense foil plasma
in vacuum was studied by PIC simulations. A new concept
to accelerate short, high-quality, well-collimated relativistic
electron beam with thermal energy spread, in the direction
opposite to laser propagation, was found [2]. It operates like
two-stage accelerator; in the first stage, rapid acceleration by
relativistic EPW in forward stimulated Raman scattering (F-
SRS) allows a massive initial electron blow-off into a rear 
vacuum region. Large ES Debye sheath fields are spontane-
ously built at vacuum boundaries which in the second stage
intensively accelerate a return electron beam to relativistic
energies (Fig.1-2). If not extracted (t~ 400), relativistic elec-
trons will re-circulate and deposit their energy into the bulk.
Fully relativistic (1D3V) EM PIC code was used. The
plasma length was e.g. 1000 0/Zc , where  and c 0Z  are the
speed of light and laser frequency. The plasma density was
10/0  pZZ , where pZ  is the electron plasma frequency
and the electron temperature was T . At the front 
and rear plasma sides, t ere were two 2 00
keVe 1 
/ 0Zc  long vac-
uum regions. The linearly-polarized laser with electric field
 in -direction has the amplitude, a0E y )0c/(0 meeE Z .
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Fig.1 Acceleration in the electron momentum phase space.
For laser amplitudes, , 1.0, 2.0 and 3.0, the maxi-
mum momentum obtained by electrons is ,
91, 219 and 246, corresponding to maximum electron en-
ergy, , 46, 112  and 126 MeV, respectively.
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    As shown in Figure 3, for the  angular energy distribution
, the initial number of forward electrons)/(tan~ 1 xy pp
J
Fig.2 Development of ES Debye sheath field in time.
with a distribution in  (due to F-SRS) is larger
than in 90  (backwards). By further acceleration in
time, the electron angular distributi n gets well-collimated
around two an es 90  and , that is,
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indeed, demonstrating that in the 2nd–stage electrons are 
strongly accelerated by longitudinal ES sheath fields.
o
gl
0
t = -10.47
1.000 1.008 1.016 1.024
J
-90
0
90
180
270
tg
-
1 (P
y/
P x
)
t = 681.06
1 15 29 44
-90
0
90
180
270
Fig.3 Angular electron energy distribution for a=1.
We have performed numerous runs in order to explore the
parameter space, while attempt to optimize is left for future.
For moderate values,e.g., 160 microns foil, with 1% critical
plasma density, illuminated with a laser at 10 , the
maximum electron energy exceeding 120 MeV was obtained.
219 / cmW
Indeed, such impressive effective accelerating electric fields
of the order of hundreds of GeV/m, were made possible by 
this simple, however efficient acceleration mechanism.
* supported in parts by project No.1964 of the Ministry of
Science and Environment Protection of Republic of Serbia.
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Relativistic EM solitons are localized structures self-trapped
by a locally modified plasma refractive index via relativistic
electron mass increase and an electron density drop due to
the ponderomotive force of an intense laser light  [1]. A train
of relativistic EM solitons is typically found to form behind
the intense laser pulse front. Relativistic electromagnetic
(EM) solitons in laser driven plasmas were analytically
predicted and found by PIC (particle-in-cell) simulations [2]
[3], [4]. It has been estimated that, for ultra-short laser 
pulses, up to 40% of the laser energy can be trapped by
relativistic solitons, creating a significant channel for laser
beam energy conversion.
In this paper, we treat a case of a linearly polarized laser
light. In laser-plasma interactions, relativistic Lorentz force 
sets electrons into motion, generating coupled longitudinal-
transverse wave modes. These modes in the framework of a 
weakly relativistic cold plasma approximation in one-
dimension, can be well described by a single dynamical
equation of the generalized nonlinear Schrödinger type [1],
with two extra nonlocal terms. A new analytical solution for 
the moving EM soliton case is calculated in the implicit form
and the soliton motion effect on its self-frequency and 
amplitude is outlined and the influence of the soliton
velocity on the EM solition stability is discussed. Moreover,
it is shown that the soliton acceleration down-shifts the
soliton eigen-frequency while decreases its amplitude. These
results are compared with the one for a standing (non-
moving) relativistic EM soliton case, obtained by some of
these authors [1]. Finally, numerical simulations of the 
model dynamical equation were performed in order to check
the good agreement with our analytical results.
In a weakly relativistic limit for |  and |1| 1|nG ,
the wave equation for the vector potential envelope A is 
obtained
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Equation (1) has a form of a generalized nonlinear
Schrödinger (GNLS) equation with two extra nonlocal
(derivate) nonlinear terms. We can readily derive two con-
served quantities: photon number P and Hamiltonian H:
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The localized solution of (1) in a form of a moving
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where vtxu  , and v  is the soliton velocity.
Fig. 1. Photon number  variation for different v.)(0P
According to the condition  moving EM
solitons turn out to be stable in the region
,0/ 2 !OddPo
SOO   (fig. 1). 
We conclude that small amplitude linearly polarized moving
solitons within the weakly relativistic model are stable with
the stability region shifting toward larger amplitudes in
comparison to the standing soliton case.
Fig2. Soliton solutions versus the soliton amplitude U0
Oand its velocity v, for P=const 
For an isolated EM soliton case (Fig 2.), a soliton accel-
eration down-shifts the soliton eigen-frequency, reduces its 
amplitude and broadens the soliton profile. Simulations of
the model GNLS equation have confirmed analytical results.
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